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-Procede d'obtention d'un substrat muni d'un revêtement comprenant une couche mince metallique discontinue

Abstract

Silver-based stacks layers are deposited on the surface of soda-lime glass to improve the thermal insulation of windows and thus reduce the energy consumption of buildings. For some of these products, a flash laser treatment (Saint-Gobain's Actilaz technology) can be used to significantly improve the insulating properties of the glazing (by about 20%) by modifying the emissivity of these stacks. During the development of this technology, it was also discovered that this laser treatment could advantageously structure these encapsulated silver layers on very large surfaces. Nevertheless, the control of the structuring did not seem to be easy and required more understanding of the phenomena involved in order to exploit such structures. This is why the objectives of this thesis work were i) to obtain laser structured thin films in a reproducible and controlled way (patterns, periods, sizes, ...) and ii) try to understand the mechanism(s) responsible for the formation of these structures via in-situ measurements during laser treatments.

In a first step, we noticed that the use of a metallic layer of Aluminum compared to a layer of Silver made it possible to obtain a very stable and reproducible structuring process (without delamination). In a second step, we were able to study the impact of different parameters on the obtained structures, such as the thickness of the metallic layer, the thickness and the nature of the encapsulating dielectric layer, or even the nature of the underlayer. The thickness of the aluminum layer for example is a key parameter that allows to obtain different patterns such as random islands, organized islands, straight lines or zigzags.

Thanks to the in-situ measurement methods that we have developed in the laboratory (such as IR thermal camera measurements or fast optical microscopy), we have been able to show that structuring systematically takes place at temperatures above the melting temperature of Aluminium. This structuring takes place when the metallic layer is in the liquid state. Taking also into account that the periods of the structures depend directly on the thickness of the encapsulation layer and the thickness of the metallic layer, we were able to propose a mechanism of wrinkling type to explain these structuring phenomena in our systems. Keywords: Patterning metallic layers, metallic thin film, laser processing, dewetting, wrinkling

Résumé

Des empilements de couches minces à base d'argent sont aujourd'hui déposés à la surface du verre pour améliorer l'isolation thermique des fenêtres et ainsi réduire la consommation énergétique des bâtiments. Pour certains de ces produits, un traitement flash laser (technologie Actilaz de Saint-Gobain) peut être utilisé pour améliorer significativement les propriétés d'isolation du vitrage (de l'ordre de 20%) en modifiant son émissivité. Lors du développement de cette technologie, il a de plus été découvert que ce traitement laser pouvait avantageusement permettre de structurer ces couches d'argent encapsulées sur de très larges surfaces. Néanmoins le contrôle de la structuration ne semblait pas aisé et nécessitait plus de compréhension sur les phénomènes mis en jeu pour pouvoir exploiter de telles structures.

C'est pourquoi les objectifs de ce travail de thèse étaient i) d'obtenir des films minces structurés par laser de manière reproductible et contrôlée (motifs, périodes, tailles, . . . ) ii) en essayant de comprendre le(s) mécanisme(s) responsable(s) de la formation de ces structures en s'appuyant directement sur des mesures in-situ lors des traitements laser.

Nous avons remarqué que l'utilisation d'une couche métallique d'Aluminium par rapport à une couche d'Argent permettait dans un premier temps d'obtenir une structuration très stable et reproductible (sans délamination). Dans un second temps nous avons donc pu étudier l'impact de différents paramètres sur les structures obtenues, tels que l'épaisseur de la couche métallique, l'épaisseur et la nature de la couche diélectrique encapsulante, ou bien encore la nature de la sous-couche. L'épaisseur de la couche d'Aluminium par exemple est un paramètre clé qui permet notamment d'obtenir différents motifs tels que des îlots aléatoires, des îlots organisés, des lignes droites ou bien encore des zigzags.

Grâce aux méthodes de mesures in-situ que nous avons développées au laboratoire (telles que des mesures par caméra thermique IR ou de la microscopie optique rapide), nous avons pu mettre en évidence que la structuration a lieu systématiquement à des températures supérieures à la température de fusion de l'Aluminium. La structuration se déroule donc lorsque la couche métallique est à l'état liquide. En prenant en compte également le fait que les périodes des structures dépendent directement de l'épaisseur de la couche d'encapsulation et de l'épaisseur de la couche métallique, nous avons pu proposer un mécanisme de type plissage (wrinkling) pour expliquer ces phénomènes de structuration dans nos systèmes.

Mots clés : Structuration de couches métalliques, couches minces métalliques, traitement laser, démouillage, plissage

Résumé étendu Introduction

La consommation énergétique des bâtiments représente 40 % de la consommation totale d'énergie dans l'Union européenne (EUROPEAN UNION 2021) et a une part similaire dans le reste du monde. Dans ce contexte, un moyen direct de réduire les émissions de CO 2 est d'améliorer l'isolation thermique des logements, principalement liée aux fenêtres présentes dans un bâtiment.

Les échanges thermiques au niveau des fenêtres peuvent être contrôlés en déposant des revêtements spécifiques i) à faible émissivité (limitation des déperditions de chaleur de l'intérieur vers l'extérieur) ou ii) des revêtements à contrôle solaire (limitation des apports énergétiques solaires de l'extérieur vers l'intérieur) sur la surface du verre. Les revêtements bas-émissifs en particulier doivent donc minimiser les pertes de chaleur du chauffage intérieur en réfléchissant autant que possible dans le domaine de l'infrarouge lointain (∼10 µm), tout en maximisant la transparence i) dans le domaine visible pour le confort intérieur et ii) dans le proche infrarouge pour bénéficier de l'énergie solaire (Figure 1). Dans la plupart des produits, ces propriétés sont obtenues en déposant sur le verre un empilement de couches minces composé de couches diélectriques et d'une (ou plusieurs) couche(s) d'argent. Le film d'argent a une épaisseur typique d'environ 10 nm et constitue la couche fonctionnelle pour la réflexion des infrarouges. Entre autres paramètres, la réflexion des infrarouges lointains par une couche d'argent est liée son émissivité, qui doit être la plus basse possible. L'émissivité est reliée directement à la conductivité électrique de la couche d'argent. Tout gain de conductivité électrique se reflète directement en un gain d'émissivité. La conductivité d'une couche d'Ag dépend de plusieurs paramètres, comme sa cristallinité, son orientation cristalline, la taille des grains ou la nature des interfaces avec les couches en contact.

C'est pourquoi, dans ce contexte, Saint-Gobain a innové et développé il y a quelques années un procédé de traitement laser permettant d'améliorer la cristallinité de l'argent tout juste déposé. La technologie consiste à traiter les verres (6 m x 3 m) directement sur la ligne de production et immédiatement après la pulvérisation des couches à l'aide d'un laser continu sous forme de ligne (longueur ∼3 m/ largeur ∼100 µm) dont la longueur d'onde est dans le proche infrarouge (∼1 µm). Grâce à ce traitement thermique rapide, la cristallinité et la taille des grains de la couche d'argent sont améliorées, en modifiant l'émissivité de l'empilement. Cela augmente la conductivité de l'argent et améliore ainsi les propriétés isolantes de ces produits de l'ordre de 20 %. En fait, le gain de conductivité permet de mettre moins d'argent pour la même émissivité, et donc de pouvoir augmenter la transmission lumineuse, TL, et le gain de chaleur par énergie solaire, g. Ce procédé laser a permis de faire la gamme de produits Low-E ECLAZ®, avec un facteur solaire amélioré (+6 %) par rapport à la gamme de produits précédente (Planitherm XN).

Cette technique de traitement par laser a également ouvert de nouvelles voies pour la réalisation de motifs/structures sur des produits de grande taille. En 2013, une équipe de chercheurs de Saint-Gobain a observé qu'elle pouvait structurer des films minces d'argent encapsulés (PALACIOS-LALOY 2016). Selon les conditions de traitement laser, des lignes d'argent ou des îlots organisés pouvaient être obtenus sur toute la surface du produit en un seul passage laser. Cependant, la structuration de ces couches d'argent encapsulées ne semble pas aisée et difficilement reproductible. En effet, de la délamination se produit généralement en même temps que le phénomène de structuration et des fissures peuvent ainsi être observées dans le film (Figure 2). De telles structures métalliques organisées submicroniques pouvant néanmoins avoir de nombreuses applications potentielles en raison i) de leurs propriétés optiques et/ou électriques anisotropes (PALACIOS-LALOY 2016), ii) de leurs propriétés plasmoniques (OH et M. LEE 2017) ou bien encore iii) de leur capacité à présenter de hautes conductivités couplées à une transparence élevée (ie : possibilité de les utiliser comme électrodes transparentes (Francesco RUFFINO, CARRIA, KIMIAGAR et al. 2013), il existe donc un réel besoin de pouvoir contrôler les motifs obtenus et pour ce faire de comprendre les phénomènes et mécanismes mis en jeu lors de la formation de ces structures.

L'objectif de ce travail de thèse débuté en 2019 était donc double, obtenir de telles structures en couches minces de manière reproductible et contrôlée (tailles, périodes, motifs, . . .) en essayant de dévoiler/comprendre les mécanismes responsables de leur formation.

Chapitre 1 : Etat de l'art

Le chapitre 1 fait une revue qui se veut la plus exhaustive possible de deux mécanismes de la littérature qui pourraient avoir lieu dans notre cas : le démouillage et le plissage (wrinkling en anglais). Ces mécanismes sont présentés, définis et finalement commentés pour donner les principales tendances/paramètres de chacun d'entre eux. Les structures peuvent être décrites par leurs longueurs caractéristiques qui peuvent permettre de déterminer les mécanismes mis en jeu. Ces longueurs caractéristiques peuvent être indépendantes ou dépendantes de différents paramètres de l'empilement tels que l'épaisseur de la couche métallique et/ou l'épaisseur de la couche encapsulante. Enfin, selon ces deux mécanismes, la structuration peut également se faire avec la couche métallique à l'état liquide ou à l'état solide, ce qui justifie pour ce travail de devoir déterminer la température atteinte dans les couches lors du traitement laser pour conclure sur les mécanismes mis en jeu.

Le mécanisme de plissage est un mécanisme d'instabilité de la couche encapsulante, qui se plie et impose sa forme à la couche inférieure qui elle, est souple (liquide, visqueuse, ou viscoélastique). La couche inférieure acquiert donc la forme de l'instabilité de la couche encapsulante. Sa force motrice est la contrainte dans la couche encapsulante. Dans notre recherche bibliographique, nous n'avons cependant pas trouvé mention de la formation de plis organisés sur une couche métallique recouverte par une ou des couches diélectriques pendant une chauffe laser. Les résultats discutés par la suite le sont donc en considérant la théorie générale. Il est important de noter que, puisque ce mécanisme nécessite une mobilité suffisante dans la couche métallique pour suivre la déformation instable de la couche encapsulante, on s'attend donc à ce que le film métallique doive être à l'état liquide pour se structurer.

Dans le cas du plissage, la longueur caractéristique des structures semble pouvoir dépendre directement du rapport entre l'épaisseur de la couche encapsulante et la couche structurante, qui est dans notre cas la couche métallique. La longueur caractéristique peut également être affectée de façon presque linéaire par l'épaisseur de la couche encapsulante et par l'inverse de la racine carrée de sa contrainte (R. HUANG et SUO 2002a). Finalement, ce mécanisme de plissage semble permettre de produire des motifs très réguliers, comme des îlots distribués de façon hexagonale, carrée, en lignes ou zigzags (CAI, D. BREID, A. J. CROSBY et al. 2011).

Le mécanisme de démouillage est également un mécanisme d'instabilité, mais dans ce cas, le film change sa morphologie initiale pour atteindre son état final (généralement sous forme de gouttelettes) afin de réduire l'énergie de surface du système. Ce mode de structuration comporte une longue liste de mécanismes différents qui peuvent se produire à l'état solide ou liquide, chacun d'entre eux produisant des structures avec des longueurs caractéristiques dépendantes de paramètres du film métallique. Peu de travaux ont été réalisés sur les films métalliques encapsulés. L'intérêt principal d'utiliser une couche de recouvrement est généralement d'éviter ces phénomènes de démouillage et la formation de ces structures (KLINE et LEONARD 2005 ; ŠIMURKA, ČTVRTLÍK, TOMAŠTÍK et al. 2018). Néanmoins quelques travaux ont permis d'observer que la contrainte de la couche encapsulante peut affecter les structures (SCHULMAN, NIVEN, HACK et al. 2018), ou bien encore, dans le cas de films métalliques ultraminces de 5 nm (WHITE, BEHBAHANIAN, STOKER et al. 2018), que lors du démouillage à l'état liquide, la taille des particules obtenues diminue lorsque l'épaisseur de la couche supérieure augmente. Finalement, les motifs obtenus dans le cas du démouillage sont généralement non organisés, mais peuvent présenter des longueurs caractéristiques dépendants de différents paramètres matériaux par exemple.

Chapitre 2 : Méthodes expérimentales

Les deux principaux mécanismes décris dans la littérature étant définis, nous présentons les différents dispositifs expérimentaux utilisés lors de ce travail au chapitre 2. Ce chapitre commence par les méthodes utilisées pour produire les échantillons par pulvérisation cathodique magnétron et les techniques de caractérisation utilisées sur les échantillons pour obtenir leurs propriétés structurelles et optiques. Ces travaux ont principalement été menés à Saint-Gobain Recherche Paris, un des centres R&D du groupe Saint-Gobain.

Ensuite, nous avons décrit les différents montages laser utilisés à Saint-Gobain Recherche Paris (équipement commercial) et à l'Institut Fresnel (équipement développé au laboratoire dans le cadre de cette thèse) pour traiter les échantillons. Les deux montages ont été comparés et nous avons ainsi confirmé que les structures obtenues étaient identiques quel que soit l'équipement utilisé. Cela montrant bien que le montage développé à l'Institut Fresnel pouvait être utilisé de manière sûr dans le cadre de cette étude.

A l'Institut Fresnel, des méthodes d'analyses in-situ telles que des mesures thermiques (Figure 3) et de la microscopie optique rapide ont également été développées pour obtenir des informations en temps réel sur les phénomènes physiques en jeu lors des traitements laser. Elles ont notamment été utilisées pour réaliser des tests paramétriques à l'aide d'une caméra thermique infrarouge et ainsi obtenir la distribution thermique spatiale et temporelle à la surface des échantillons pendant le traitement laser. 

Chapitre 3 : Structuration par laser de couches métalliques encapsulées

Dans le chapitre 3, nous avons étudié l'impact de différents matériaux dans les empilements sur les structures obtenues. Nous avons commencé l'étude en cherchant d'autres matériaux que l'argent (tels que le cuivre ou l'aluminium) pour lesquels il était possible d'obtenir des motifs. Parmi les différents matériaux testés, l'aluminium s'est avéré être le meilleur candidat pour obtenir des motifs variés, stables et reproductibles sans endommager le film. C'est pourquoi nous avons sélectionné l'aluminium comme couche métallique pour le reste de ce travail. Dans le cas de l'aluminium, nous avons ensuite effectué différents tests en faisant varier l'épaisseur de la couche d'Al dans des conditions d'encapsulation similaires (40 nm de Si 3 N 4 comme couche inférieure et 80 nm de ZnO comme couche de recouvrement). Différentes structures ont ainsi été obtenues, comme des îlots aléatoires ou organisés ou des zigzags selon l'épaisseur de la couche d'Al (Figure 4). Il a également été observé que la période des structures augmentait linéairement avec l'épaisseur de la couche métallique, pour des conditions d'encapsulation similaires. Les structures observées sont caractérisées par une distribution de la hauteur et de l'épaisseur de la couche d'aluminium le long de l'axe horizontal, avec une période donnée, une hauteur maximale au niveau des pics (centre des îlots ou des zigzags), et des quantités résiduelles d'aluminium faibles au niveau de leurs vallées (Figure 5-a). Nous avons pu constater que la couche d'encapsulation recouvrait, elle, parfaitement les structures d'aluminium obtenues, sans variation d'épaisseur de cette dernière (Figure 5-c). Aucune structuration n'a en revanche pu être observée sur la couche inférieure ou sur le substrat de verre. Selon l'empilement, des porosités étaient cependant présentes dans ces structures métalliques (Figure 5 Nous avons enfin pu étudier l'impact des couches inférieures et de la couche encapsulante sur les structures. Nous avons par exemple observé que la nature (matériau) de la couche inférieure joue un rôle prépondérant sur la présence ou l'absence de ces porosités à l'intérieur des structures en Aluminium. En effet, pour des empilements avec une sous-couche de TiN directement en contact avec la couche d'Al, les structures obtenues ne présentent aucun défaut alors que dans le cas d'une sous-couche de Si 3 N 4 directement en contact avec l'Al, les structures présentent de nombreuses porosités (Figure 5-b). Enfin, concernant la surcouche en contact avec l'Aluminium nous avons pu mettre en évidence que l'épaisseur de cette couche influençait la période des structures, qui augmente presque linéairement avec l'épaisseur de la couche encapsulante. La nature même de la couche encapsulante influence également fortement la formation des motifs. En effet, de l'AlN a par exemple été testé et selon les conditions de dépôt de la couche encapsulante des motifs sous forme de zigzags ou de lignes 1D ont pu être obtenus suivant la direction de défilement du laser (toutes autres conditions égales par ailleurs).

Les résultats du chapitre 3 ont mis en évidence un possible mécanisme de plissage, qui pourrait expliquer les différentes morphologies obtenues et les différentes dépendances de la période des motifs vis-à-vis i) de l'épaisseur de la couche encapsulante et ii) de l'épaisseur de la couche métallique. Cependant, pour qu'un tel mécanisme soit valable, cela nécessiterait que la formation des structures ait lieu à l'état liquide, soit au-dessus de la température de fusion de l'aluminium. C'est pourquoi nous avons donc cherché à mesurer in-situ les températures atteintes lors des traitements laser conduisant ou non à structurer les échantillons.

Chapitre 4 : Dépendance thermique de la structuration

Dans le chapitre 4, nous avons développé et utilisé des mesures thermiques à l'aide d'une caméra thermique IR pour étudier la dépendance thermique des phénomènes mis en jeu. Les premières acquisitions thermiques lors de traitements à l'aide d'un laser sous forme de ligne (pour correspondre au cas industriel) se sont révélées limitées en raison de la résolution spatiale de la caméra qui était insuffisante. Pour surmonter ce problème, nous avons finalement utilisé un faisceau gaussien (FWHM = 4,230 mm) permettant que la zone irradiée corresponde à plusieurs pixels sur la caméra. Pour simplifier le problème, nous avons également décidé de laisser l'échantillon et le faisceau statistiques. Ainsi, la durée d'irradiation a pu été contrôlée de 20 ms à 2 s.

Pour évaluer la précision des mesures thermiques, liée à l'émissivité de la structure et à l'absorption à la longueur d'onde laser, nous avons observé l'évolution des propriétés optiques avec la température et la structuration. Nous avons proposé d'analyser la température maximale obtenue lors des acquisitions thermiques à l'aide d'un paramètre linéarisé lié aux conditions de traitement laser (dépendant de la puissance (P) et durée d'impulsion (t)). Dans ce cas, l'augmentation de la température à la surface de l'échantillon est proportionnelle à P t pour des paramètres optiques constants (absorption et émissivité), en accord avec des modèles de thermique. A haute température, nous avons cependant constaté que cette relation linéaire n'était plus valable, et que le moment où nous nous écartions de cette dépendance linéaire correspondait bien à l'apparition des structures sur les échantillons. Cette dépendance linéaire de la température a été respectée jusqu'à la plus haute température avant la structuration, correspondant au moins à la température de fusion. Comme la température de structuration dépassait systématiquement la température maximale de cette relation linéaire, ce résultat semble bien confirmer que la structuration a lieu à l'état liquide

Chapitre 5 : Discussion

Tous les éléments indiquant une structuration dans l'état liquide par un mécanisme de plissage, nous avons donc développé dans le chapitre 5 un modèle de stabilité linéaire pour tenter de reproduire les principales tendances obtenues expérimentalement (R. HUANG et SUO 2002a). Pour cela, nous avons déterminé la contrainte dans le cas de différentes couches d'encapsulation à l'aide de mesures de déformations de verres minces et considéré les propriétés mécaniques des films minces à partir de données de la littérature. Ce modèle de stabilité linéaire ne présentait en revanche aucune dépendance de la période des structures en fonction de l'épaisseur de la couche d'Al, contrairement à ce qui a été observé expérimentalement. Ces premiers résultats ont donc montré les limites d'un simple mécanisme de plissement dans notre cas pour expliquer les structures obtenues.

Parmi les différents éléments qui pourraient expliquer ces limites, nous avons proposé d'analyser l'impact de la température sur certains paramètres. En effet, d'après nos mesures thermiques, la structuration a lieu à une température supérieure au point de fusion de l'aluminium. La contrainte de la couche d'encapsulation a en revanche été mesurée à température ambiante dans notre cas. Cette dernière pourrait en effet être affectée par l'augmentation de la température en raison du Coefficient d'Expansion Thermique (CTE) des différents matériaux utilisés. Une analyse complète devrait donc certainement en tenir compte. Le deuxième élément est que la couche d'aluminium passant à l'état liquide, cela pourrait avoir un impact direct sur la contrainte de la couche encapsulante située au-dessus. Nous avons donc proposé d'approximer les contraintes dans l'empilement en considérant la couche d'aluminium et la couche encapsulante comme un système à double couches « isolées » où les contraintes des deux couches peuvent donc être calculées indépendamment du reste de l'empilement à haute température en prenant en compte le CTE des matériaux. Comme on peut le constater sur la Figure 6, cette approximation nous a bien permis de retrouver la dépendance de la période des structures par rapport à l'épaisseur d'Al, comme observé expérimentalement.

Pour autant, bien que l'affinement du modèle de stabilité linéaire nous ait aidé à décrire plus précisément les résultats expérimentaux, il utilise toujours de multiples approximations notamment concernant les contraintes mises en jeu qui peuvent être discutées. De plus, le modèle que nous avons développé considère des conditions d'équilibre en température. En réalité cependant, notre système est clairement dynamique avec une dépendance thermique forte de la contrainte dans la couche encapsulante notamment. Notre modèle ne prend pas non plus en compte la courbure de l'échantillon qui évolue pendant le traitement laser et qui est connue pour avoir un grand impact sur les structures par plissage (CAI, D. BREID, A. J. CROSBY et al. 2011). Enfin, le dernier point que nous pouvons commenter concernant ce modèle est la non prise en compte de l'évolution de l'énergie de surface. Dans ce travail en effet, l'état plissé est un état d'énergie potentielle minimale considérant la déformation élastique des couches encapsulantes. Dans ce modèle, il n'est cependant pas tenu compte de l'énergie nécessaire à la création de nouvelles surfaces et de l'impact que cela pourrait avoir sur la périodicité des structures, dans un mécanisme similaire à celui du démouillage, ce qui est une perspective importante de ce travail. FIGURE 6. : Dépendance de la période en fonction de l'épaisseur de l'aluminium pour des empilements d'aluminium recouverts d'une couche de ZnO de 80 nm d'épaisseur en considérant la structure bicouche libérée de l'empilement.

Conclusion & perspectives

En résumé, l'ensemble du travail réalisé au cours de cette thèse a permis de développer une méthode adaptée, contrôlée et reproductible pour structurer de grandes surfaces à l'aide de couches minces métalliques encapsulées par des diélectriques déposés sur du verre silico-sodocalcique. Nous avons pu mettre en évidence la complexité des mécanismes de structuration mis en jeu lors de traitements laser de ces systèmes. Néanmoins, en identifiant que la couche métallique passe par une phase liquide lors de la structuration, nous avons pu proposer un premier mécanisme de type plissage permettant d'interpréter les différents motifs obtenus. Parmi les différentes perspectives possibles à ce travail, nous pouvons noter les points suivants qui pourraient encore être explorés de manière plus approfondie : • Un autre point intéressant serait de regarder en détail le cas de couches d'Al dopées avec d'autres éléments pour observer l'influence de ce dopage sur la température où la structuration a lieu. En effet si le dopage modifie la température de fusion, il serait intéressant de valider que l'on constate également lors de mesures par caméra thermique IR une modification de la température à laquelle la structuration a lieu. De premiers essais avec des cibles d'Al dopées à 20 % massique et à 30 % massique de Si ont confirmé que la structuration de ces couches est bien possible et donne des résultats très similaires à ceux obtenu pour l'Al en terme de motifs. L'ajout de Si dans l'Al modifiant significativement son point de fusion (660 °C, 690 °C et 815 °C respectivement pour les cibles à 0 %, 20 % et 30 % massique de Si) d'après les diagrammes de phases disponibles dans la littérature, confirmer que l'on retrouve bien ces mêmes variations avec notre méthode de détermination in-situ du seuil de température de structuration par mesures thermiques serait fort intéressant.

• Ensuite, caractériser et prédire les propriétés optiques des échantillons ainsi structurées serait maintenant important. Nous pourrions essayer de développer des modèles optiques, en reproduisant par exemple les motifs, ce qui a été initié dans nos travaux à l'aide du logiciel COMSOL (non décrit dans ce manuscrit), et observer ainsi l'impact de différents paramètres (motif, période, hauteur des structures, matériaux, . . .) sur les propriétés optiques. Une telle approche pourrait être utilisée pour explorer les propriétés optiques accessibles grâce à de telles structures et déterminer par la même occasion des applications potentielles à ces dernières (comme par exemple des polariseurs).

• Enfin, le dernier point serait d'essayer de développer des modèles non linéaires de l'évolution du plissage en prenant mieux en compte i) la dépendance en température des propriétés des matériaux et ii) la contribution énergétique de la création de surface lors de la structuration. Pour cela, nous pourrions par exemple essayer de mesurer la température avec un échantillon en mouvement, afin de nous rapprocher de notre système réel, et d'étudier ainsi un système hors équilibre. Dans ce cas, afin de pallier aux problèmes de résolution spatiale lors des acquisitions thermiques, il serait surement nécessaire d'utiliser une ligne laser plus large (de près d'un millimètre) ou même un faisceau en forme de « top hat ». 
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1.1. 

Introduction

The energy consumption of buildings represents 40 % of the total energy consumption in the European Union (European Union 2021) and certainly has a fair share in the rest of the world. In this context, a direct way to reduce CO 2 emissions is to improve the thermal insulation of housing, mainly related to the windows present in a building. Heat loss from windows can be controlled by depositing specific coatings i) with low emissivity (limits losses from the inside to the outside) or ii) solar control coatings (limits solar energy gains from the outside to the inside) on the window glass surface. Therefore, low-emissivity (low-e) coatings in particular must minimize heat loss from interior heating by reflecting as much as possible in the far-infrared range (∼10 µm), while maximizing transparency i) in the visible range for interior comfort and ii) in the near-infrared range to benefit from solar energy (Figure 1). In most products, these properties are achieved by depositing a thin film stack consisting of dielectric layers and one (or more) silver layer(s) on the glass. The silver film has a typical thickness of about 10 nm and is the functional layer for infrared reflection. Among other parameters, the reflection of far infrared radiation by a silver layer is related to its emissivity, which should be as low as possible. The emissivity is directly related to the electrical conductivity of the silver layer. Any gain in electrical conductivity is directly reflected in a gain in emissivity. The conductivity of an Ag layer depends on several parameters, such as its crystallinity, crystalline orientation, grain size or the nature of the interfaces with the layers in contact.

Introduction

This is why, in this context, Saint-Gobain has innovated and developed a few years ago a laser treatment process allowing to improve the crystallinity of the silver just after sputtering. The technology consists in treating the glasses (6 m x 3 m) directly on the production line and immediately after the deposit of the layers, with a continuous laser in the form of a line. This laser line is ∼3 m long and ∼100 µm wide and has its wavelength in the near infrared (∼1 µm). Through this rapid heat treatment, the crystallinity and grain size of the silver are improved. This increases the conductivity of the silver and thus improves the insulating properties of these products by about 20 %. In fact, the gain in conductivity allows to put less silver for the same emissivity, and therefore to increase the light transmission, TL, and the heat gain by solar energy, g. This laser process has made it possible to make the Low-E ECLAZ®product line, with an improved solar factor (+6 %) compared to the previous product line (Planitherm XN).

This laser processing technique has also opened up new avenues for patterning/structuring large products. In 2013, a team of researchers from Saint-Gobain observed that they could pattern encapsulated silver thin films using this laser process (Palacios-Laloy 2016). Depending on the laser processing conditions, silver lines or organized islands could be obtained over the entire surface of the product in a single laser pass. However, the patterning of these encapsulated silver layers was not easy and hardly reproducible. Indeed, delamination usually occurs at the same time as the structuring phenomenon and cracks can be observed in the film (Figure 2). These submicronic organized metallic structures can nevertheless have many potential applications because of i) their anisotropic optical and/or electrical properties (Palacios-Laloy 2016), ii) their plasmonic properties (Oh and M. Lee 2017) or iii) their ability to present high conductivities coupled with a high transparency (ie : possibility to use them as transparent electrodes (Francesco Ruffino, Carria, Kimiagar, et al.

2013)

). To explore the potential applications of these structures, there is a real need to be able to control the patterns obtained and to understand the phenomena and mechanisms involved in the formation of such structures.

The objective of this thesis work, which started in 2019, is twofold, namely to obtain Introduction these thin film structures in a reproducible and controlled manner (dimensions, periods, patterns, ...) while trying to reveal and understand the mechanisms responsible for their formation. For this, we proposed the following approach:

1. Obtain laser patterning on metallic thin films encapsulated by dielectrics in a reproducible and controlled manner.

2. Study the material and laser parameters and how they affect the patterning of the layers.

3. Determine the temperature reached during laser treatment by in-situ thermal measurements of the sample to obtain the thermal dependence of the patterning mechanism.

4. Use in-situ measurements to obtain more information of the physical phenomena in play, like their time scale.

5. Propose behavior laws or simple models to understand these patterning phenomena.

Structure of the manuscript

The manuscript is divided into 5 chapters.

Chapter 1 provides a literature review that is intended to be as comprehensive as possible of two mechanisms that could occur in our case: dewetting and wrinkling. These mechanisms are introduced, defined and finally commented to indicate the main trends and characteristics of each mechanism. These structures can be described by their characteristic lengths which can help determine the mechanisms involved. These characteristic lengths may be independent or dependent on different stack parameters, such as the thickness of the metal layer and/or the thickness of the encapsulating layer. Finally, according to these two mechanisms, the structuring process can also takes place with the metal layer in the liquid or solid state. This justifies the work to determine the temperature reached in the layers during the laser treatment.

We present the experimental set-up used in this work in Chapter 2. This chapter starts with the methods used to produce the samples by magnetron sputtering and the characterization techniques used on the samples to obtain their structural and optical properties. This work was mainly carried out at Saint-Gobain Recherche Paris, one of the R&D centers of the Saint-Gobain group. Then, we described the different laser setups used to process the samples: one at Saint-Gobain Recherche Paris (commercial equipment) and one at Institut Fresnel (equipment developed in the laboratory within the framework of this thesis). The two set-ups were compared and we confirmed that the structures obtained were identical whatever the equipment used. This shows that the results obtained using the set-up developed at Institut Fresnel are representative of the structuring mechanisms occurring during laser patterning with the equipment at Introduction Saint-Gobain Recherche. Finally, this chapter ends by presenting the in-situ methods developed at Institut Fresnel.

In Chapter 3, we investigated the effect of different materials in the stack on the obtained structures. We started by looking for materials other than silver, such as copper or aluminum, that we could obtain patterned samples. Of the different materials tested, aluminum was the best candidate to obtain varied, stable and reproducible patterns without damaging the film. For this reason, we selected aluminum as the metal layer for the rest of the work. We then studied the dependence of the structures period on different parts of the stack: the bottom layer (material and thickness), the metal layer (thickness), and the capping layer (material and thickness). The obtained dependencies indicate a wrinkling mechanism. However, for this mechanism to be valid, the formation of the structure must take place in the liquid state, i.e. above the melting temperature of aluminium. This justified the in-situ thermal measurements performed during laser processing.

Chapter 4 develops the IR thermal camera measurements performed to study the thermal dependencies of the phenomena involved. The laser-line thermal acquisitions were limited due to the insufficient spatial resolution of the camera. Finally, to overcome this problem, we used a Gaussian beam (FWHM = 4.230 mm), which allows the irradiated area to correspond to several pixels on the camera. To simplify the problem, we also decided to leave the sample and the beam statics. Therefore, the irradiation time could be controlled from 20 ms to 2 s. To evaluate the accuracy of thermal measurements, we observed the evolution of optical properties with temperature and structuring. We proposed a linearized parameter related to the laser processing conditions (depending on the power (P) and square root of pulse duration ( t)) to analyze the maximum temperature obtained during the thermal acquisitions. By this method, we have confirmed that patterning occurs with the metallic layer in the liquid state, confirming a wrinkling mechanism.

In Chapter 5, we performed some additional tests to confirm that the patterning mechanism was actually wrinkling. Since all experimental evidences point to a liquid structuring via a wrinkling mechanism, we developed a linear stability model in this chapter to try to reproduce the main trends obtained experimentally. The first results, which did not take into account the effect of heating on the stress of the layers, were limited. To better represent the physics at play, we improved the model by considering the stress created by heating and Al phase change. This approximation allowed us to retrieve the experimentally observed dependence of the structures period on Al thickness.

After an overall summary and conclusions, we complete this work with some perspectives such as the estimation of temperatures reached upon line laser heating during patterning, optical modeling of these structures, and patterning of other metal layers under similar encapsulating conditions.

State of the art

This first chapter gives an overview of the background required to understand the structuration of metallic thin films under laser irradiation. After a brief introduction on patterned surfaces and laser processing, the interactions of laser and matter are discussed. Some non-coherent and coherent mechanisms of laser patterning are presented. The dewetting, a non-coherent mechanism of patterning, is discussed in both states of the matter: liquid and solid state, with a special mention in the case of capped layers. Then, another non-coherent mechanism, wrinkling, is presented and discussed, with a linear stability model presented. Finally, the chapter will conclude with a brief summary on both mechanisms and their main aspects concerning the system studied, i.e., a metallic layer encapsulated by dielectrics. 

Chapter content

Patterning surfaces by laser processing

Surface patterning is a useful method to achieve various properties of surfaces in different scales, ranging from single-molecule assembly to macroscale patterning through techniques such as etching, electrochemical patterning, laser patterning, and thin film deposition. Multifunctional surface patterns on substrates can find applications in integrated circuits (Lei, S. Yang, M. [START_REF] Lei | Surface patterning using templates: concept, properties and device applications[END_REF], biosensors (J. H. Wang 2012), and even optical thin films (Palacios-Laloy 2016). In the specific case of optical thin films, patterned films can have interesting applications in functional glazing due to their optical and electrical properties. Some examples are: plasmonic effect of dewetting structures (Oh and M. Lee 2017), anisotropic electrical properties (polarizers) (Palacios-Laloy 2016), and high resistivity and good transparency which can be used as transparent electrodes (Francesco Ruffino, Carria, Kimiagar, et al.

2013).

In the case of patterning thin films by thermal treatment, some energy considerations must be taken into account. Heating can alter the structure of thin films because they are often in a metastable or even unstable state (Figure 1.1) and are under high stress after deposition. Thus, heating can bring the film to a new lowest energy state through various mechanisms. For example, thin layers can minimize their surface energy by dewetting (Thompson 2012) or reduce their compressive stress by wrinkling (Shugurov and Panin 2010). In short, heating provides sufficient energy and kinetic rates to produce these morphological changes in the thin film. The heat source is important because the final state of the system not only depends on the energy given but also on the rate of increasing temperature and its possible interaction with matter, which has effects beyond just increasing the kinetic rate to achieve patterning. In this way, the heating source is key to the final morphology of the patterned film. Among the many different heating sources available in the literature, in this review we focus on two sources: furnace heating and laser heating, from pulsed lasers to continuous wave (CW) lasers.

Annealing in a furnace is interesting because not only the surface of the sample, but everything is treated in a possibly controlled atmosphere for a certain duration and temperature. Laser processing opens up even more possibilities: fast temperature rise and fast cooling combined with high precision, orientation and intense heating localized on the surface can facilitate structuring almost instantaneously. In laser patterning, laser-induced morphological, structural, and compositional transformation of material surfaces and thin films typically occurs at laser intensities below the vaporization threshold. In the case of this laser processing, not only structuring, but also other phenomena such as diffusion, transformation hardening, recrystallization and alloying can take place. Generally, the laser processing conditions are chosen in such a way that the laser-induced surface temperature is kept slightly below or slightly above the melting temperature (Bäuerle 2011b).

Therefore, in laser annealing, the interaction mechanisms between laser and matter depend simultaneously on both the parameters of the laser beam and the physicochemical properties of the material. For laser parameters, we can consider the wavelength, intensity, spatial and temporal coherence, polarization, angle of incidence and duration of the laser radiation. For the materials, their optical properties, chemical composition and microstructure are the parameters that determine the nature of the fundamental excitations and the interactions between them.

Still looking from the perspective of the laser-matter interaction, instabilities are a very common general patterning pathway present in many types of laser processing. They are related to positive feedbacks between different properties in laser-matter interactions. We refer to an instability as a small perturbation in the system that initially grows exponentially over time. Its further development can lead to different self-organization phenomena, such as the emergence of periodic or random structures (Figure 1.2). From a scientific point of view, instability analysis provides fundamental information about laser-matter interactions taking place during laser processing. From a manufacturing view, many works suggest avoiding this structure formation [START_REF] Kline | Suppression of dewetting phenomena during excimer laser melting of thin metal films on SiO2[END_REF][START_REF] Abbott | Solid state dewetting of thin plasmonic films under focused cw-laser irradiation[END_REF]), but here we suggest studying it for possible applications as cited earlier. Studying the structures produced on a solid or liquid surface by laser processing means studying a dynamic system composed of the laser, the sample and their interactions. In a similar way as both laser and materials parameters are categorized, Baurle (Bäuerle 2011a) proposed a method for classifying the structures that may appear from this interaction: they can be classified as coherent or non-coherent. Simply put, coherent structures are directly related to the coherence, wavelength and polarization of the laser, as for incoherent structures, this direct relationship to these laser parameters does not exist.

Giving a precise definition, the coherent structure is created by the radiation field on the surface of the material, which is the product of the interference between the incident laser beam and the scattered/excited surface waves. This means that the pattern period is proportional to the laser wavelength and its direction should depend on the polarization of the laser. On the other hand, incoherent structures are not the product of any spatial periodicity from interference phenomena. In this case, periodic patterns will appear from other characteristics of the system.

While this definition is helpful in understanding the various phenomena that are taking place, in practical applications both coherent and incoherent patterning can occur simultaneously. For example, the pattern shown in Figure 1.3(a) presents coherent and incoherent structures, respectively, small and long spatial periods. The small period structures are ripples, also called Laser-Induced Periodic Surface Structures (LIPSS). The small periods are observed superimposing these long spatial periods. The long spatial period shown is related to the laser processing conditions (intensity and scan speed). As for the small structures, their period is proportional to the laser wavelength, and their direction is perpendicular to the electric vector of the incident light. By changing the processing conditions, incoherent structures can be avoided, but the ripples are still present (Figure 1 Other examples of non-coherent structures are the wall and nap structures obtained in stretched 50 µm-thick Polyimide (PI) foils. Polymer surfaces ablated with UV lasers can show wall-or nap-type structures, as shown in Figure 1.4. These (non-coherent) structures are related to internal stresses within the polymer film. Uniaxial stretching before laser irradiation produced wall-type structures, while biaxial stretching issued nap-type structures. The surface of the PI film which was annealed (stress released) prior to laser irradiation, remained smooth (Bäuerle 2011a). The examples presented here of coherent and non-coherent structures are nonextensive, and other mechanisms may occur in thin-film patterning by laser processing. In our work, we will mainly discuss the incoherent mechanisms of patterning by laser processing, focusing on dewetting and wrinkling of metallic layers encapsulated with dielectrics. More information on ripples, also known as LIPSS (Laser-induced periodic surface structures) and other coherent patterning mechanisms, can be found elsewhere (Bäuerle 2011a; Bonse, Höhm, Kirner, et al. 2017), as they are not the main focus of this work.

In the following sections, we will detail and study the mechanisms of dewetting and wrinkling. We will try to study as many cases of laser annealing as possible based on the existing literature. Nonetheless, some other examples using furnace annealing help to outline the overall behavior of the phenomenon studied and can provide important insights into the specifics of laser processing.

The Figure1.5 should be used as a road map for the reader of this chapter, since it shows the main phenomena and their modes and mechanism, as some of their characteristic wavelength dependency. It should be proven useful, as an important amount of experimental is shown in the next pages and despite our best efforts it might be difficult to the reader to grasp all the information given. Where Λ is the characteristic wavelength of the pattern, h is the thickness of the metallic or encapsulated layer and, in the case of capped films, h cap is the thickness of the capping layer. As for thermal aspect, T is the temperature of the dewetting film and T m its melting point. The symbol ∝? indicates when the proportional behavior is not always present, but can be.

1. State of the art -1.2. Dewetting

Dewetting

Dewetting is the first non-coherent mechanism we propose to study here. By reducing the surface energy of the system, dewetting changes the initial morphology of the film to its final state, usually in the form of droplets (Figure 1.6). In this section, we present and discuss dewetting in both solid and liquid phases, focusing on laserinduced dewetting. The dewetting of capped films is then studied, followed by a brief overview of the pertinent mechanisms in our system of interest, namely metallic layers encapsulated by dielectrics.

Figure 1.6.: Scheme of a 2D thin film (blue) on a substrate (green) from its initial sate to its dewetted state of 3D islands (from Thompson 2012).

Solid state

In Generally speaking, solid thin films deposited on substrates are unstable or metastable and can form 3D islands to reduce their surface energy. Thermodynamically, dewetting occurs when the driving force (E d ) is positive:

E d = γ f + γ i -γ s (1.1)
where γ f , γ s and γ i are defined respectively as the surface energy per area of the film, substrate and their interface. They are then related through the Young-Laplace equation:

γ s = γ i + γ f cos(θ) (1.2)
where θ is the equilibrium contact angle, schematically displayed in Figure 1.7. Sometimes kinetic barriers are present and the sample must be heated to a temperature with sufficient kinetics to reach its dewetted state. At the dewetting temperature, the atoms have enough mobility and are driven by capillary forces from the edge of the film, forming a rim. This rim has a characteristic height that increases by surface diffusion as the edge continues to retract (Figure 1.8). Finally, as the height increases, the flux of matter creates a valley ahead of the rim, which increases in size until the rim separates from the rest of the film. The new two edges of the film can now restart the process. This process is called pinch-off and can be responsible of the film rupture in the case of solid state dewetting. The pinch-off can occur at stable or unstable retracting rim, as shown schematically in Figure 1.9. The stability condition is the presence of facets on the dewetting front. If such facets are present, the rim is stable during retracting and the pinch-off can happen uniformly in a line. If the facets are not present, it is the case of the unstable retracting rim pinch-off. The rim height varies along the longitudinal direction, causing instabilities in the rims. These instabilities are called fingering instabilities, and the rim break-up in this case occurs via Rayleigh-Plateau like instabilities. The characteristic wavelength of the fingering instabilities increases linearly with the thickness of the film (Kan and Wong 2005) These phenomena cover the mechanism of solid state dewetting of the retraction of the film edge by surface diffusion. In a more concise way, both of them are presented in Figure 1.10(a), (b) and (c). The other major possible mechanism is the dewetting from heterogeneously nucleation and growth of voids, shown in Figure 1.10(d), (e) and (f).

Nucleation and growth of voids typically begins through heterogeneous nucleation of voids in the thin film, thereby exposing the substrate. The nucleation of the voids are usually in high energy spots of the film, such as defects at the substrate-film interfaces, preexisting holes in the film or triple junctions made by grain boundaries with high energies (Thompson 2012). As the voids grow in these high energy spots, the rim thickness size around them increases. The void edges then undergo shape instabilities, developing fingers that break apart into 3D nanocrystals. Since both mechanisms require atomic transport, their rate is often highly temperaturedependent. For instance, in Figure 1.11, the film thickness at which the dewetting is observed at various temperatures is shown for different metals. In general, even changes in the microstructure such as grain evolution can trigger dewetting. By defining T m as the melting temperature, heating a metallic thin film above temperatures of 0.2T m can lead to dewetting (Thompson 2012). This minimal temperature at which dewetting is obtained is usually thickness dependent, although the value of 0.2T m gives a minimal cap. Since the driving force for dewetting increases with decreasing thickness, the dewetting rate increases with decreasing film thickness and the minimal temperature increases with thickness (Figure 1.12(a)). In addition, the average particle size also depends on the film thickness. For example, the average particle size typically increases linearly with the film thickness (Figure 1.12). of different thickness by vacuum furnace heating. The observed dewetting mechanism in their case was the heterogeneous void initiation followed by void growth via capillary agglomeration. They observed that the morphology of fully dewetted structures (Figure 1.13(d)) consisted of uniformly distributed nanoparticles (NPs) of monodisperse size. In their case, the annealing temperature and time had no significant effect on the NP morphology, but the NP size was strongly linearly dependent on the initial thin film thickness (Figure 1.13). To understand the dependence of NP size on initial thickness, they suggested that the thermodynamic model of Leroy strain level on dewetting of a silicon film on on an amorphous SiO 2 substrate. They observed that the strain level in the silicon film before dewetting significantly affected particle shape and distribution. They also noticed that the diameter of the islands decreased with increasing stretching, and thus the density of dewetted silicon islands increased (Figure 1.14). Furthermore, with increasing strain, the islands were more elongated in one of the in-plane crystalline directions, thereby minimizing the total energy of the system (Łukasz Borowik, Chevalier, Mariolle, et al. The examples given are very suitable to illustrate the effect of different parameters on the dewetting of furnace heated thin films. For now, we propose to conclude this subsection by focusing on solid-state laser dewetting. Although most of the articles found are on laser-induced dewetting structures in the liquid state, some examples of solid-state dewetting can be obtained using CW laser radiation [START_REF] Abbott | Solid state dewetting of thin plasmonic films under focused cw-laser irradiation[END_REF] or pulsed lasers with durations in the order of tens of microseconds [START_REF] Magel | Laserassisted nanofabrication in the scanning electron microscope[END_REF]).

Abbott et al studied the laser-induced solid-state dewetting of thin Au films on SiO 2 substrates without and with Ti and Cr metallic adhesion layers. In their study, they used a continuous-wave laser (λ = 488 nm) to heat the samples below its melting point. They measured the temperature rise with CCD-TR, an imaging technique that measures small relative variations in sample's reflectivity and provides a thermal image [START_REF] Farzaneh | CCD-based thermoreflectance microscopy: principles and applications[END_REF]. They observed that dewetting occurred at temperatures as low as 50 °C during the 5 minutes of laser irradiation, through a mechanism of void nucleation and growth. Figure 1.15 shows TEM images of the Au thin films considering the different thickness and adhesion layers tested. In all cases, they were laser heated at the same incident power for 5 s. The bright areas in the center of the images are the full dewetted zones. The gray regions are the film area. It can be seen that under these conditions, increasing the film thickness and adding the Ti adhesion layer almost nullified the solid state dewetting. This result can 1. State of the art -1.2. Dewetting be explained by the fact that this adhesion layer prevents the typical grain grooving behavior, thus reducing the high energy spots in the film (usually grain boundaries and triple points), therefore reducing dewetting [START_REF] Abbott | Solid state dewetting of thin plasmonic films under focused cw-laser irradiation[END_REF]. Finally, Magel et al investigated solid-state pulsed laser-induced dewetting of Ni and Au thin films by in-situ real-time SEM and FIB imaging. The laser used was an IR laser (λ = 915 nm) with a pulse duration of 50 µs at a frequency of 2 KHz for 5 seconds. Figure 1.16 shows the acquired images of 10-nm thick Ni lines, starting with different square wave perturbations. These images show the effect of the initial film wave pattern on the final dewetted particles. The periodicity of the squared pattern affected the particle spacing, perturbation width and amplitude in the final dewetted morphology. Another interesting point is the time scale of this patterning: it can be 1. State of the art -1.2. Dewetting seen that in these cases, it is in the order of seconds to achieve complete dewetting, which is the time scale of solid sate dewetting [START_REF] Magel | Laserassisted nanofabrication in the scanning electron microscope[END_REF]). This work is a good example of how the in-situ techniques can be used to study the appearance of such structures. These last examples conclude the solid state dewetting part. In this subsection, the main necessary theory was introduced, which will be used in the rest of this work. The main mechanisms and the physics behind solid state dewetting were also briefly discussed. Even some examples of solid-state dewetting induced by laser processing could be presented. They justified the solid state dewetting by measuring the characteristic time scale, which was in order of seconds [START_REF] Magel | Laserassisted nanofabrication in the scanning electron microscope[END_REF]) and the temperature risen, well below the film melting point [START_REF] Abbott | Solid state dewetting of thin plasmonic films under focused cw-laser irradiation[END_REF]). However, the amount of data in solid-state dewetting with lasers is not extensive. Most of the work on laser-induced dewetting is in liquid phase regime and will be discussed in the next subsection.

1. State of the art -1.2. Dewetting

Liquid state

In recent years, very interesting review works were published on the study of nanopatterning of metallic thin films irradiated by pulsed lasers (Francesco Ruffino and Maria Grazia Grimaldi 2019; Kondic, González, Diez, et al. 2020). Various metals have been shown to dewet in nanosecond pulse durations, and even some cases with picosecond and femtosecond were observed (Francesco Ruffino and Maria Grazia Grimaldi 2019; C. Favazza, H. [START_REF] Favazza | Nanomanufacturing via fast laser-induced self-organization in thin metal films[END_REF]).

In the case of liquid state dewetting, the pulsed laser is used to efficiently heat the metal films to temperatures above their melting point. The resulting liquid layer has a lifetime on a similar time scale as the pulse duration, therefore producing the desired pattern. Liquid phase dewetting is used to create patterns on as-deposited 2D thin films or on already patterned lithographic structures, such as lines (Figure 1.17). This dewetting can also be found coupling with other type of interference-like patterning phenomena (coherent patterning), resulting in arrays of structures (C. In the case of 2D thin films, there are basically two mechanisms of liquid phase dewetting: nucleation and growth of voids, and hydrodynamic instability such as spinodal instability. In the latter case, a linear stability analysis can be used to obtain its characteristic wavelengths and time scales. The first can be compared to the measurements of the structures obtained, and the latter to the expected liquid lifetimes obtained from thermal models.

The therm "spinodal" is named after the spinodal decomposition of mixtures, where the second derivative of the free energy with respect to the composition is negative. Therefore, by analogy, when the same behavior of free energy as function of thickness is 1. State of the art -1.2. Dewetting observed, the dewetting via unstable surface waves is called spinodal dewetting. More specifically, "spinodal' is used for dewetting to describe the shape of the free energy potential of the system, defined as the excess free energy required to approach solidliquid interface to the liquid-air interface. Considering this potential dependency on thickness (Φ(h)), it must be finite for dewetting to occur, which is represented by the equilibrium film thickness (Figure 1.18(a)). If the second derivative of Φ(h) is negative (Φ ′′ (h) < 0), then unstable modes exist and their amplitude grows exponentially in time like exp(t/τ), where τ is the mode's characteristic growth time, which is dependent on the wavenumber (q) of such mode. In such cases, the fastest growth mode is expected to dominate the structures, which have a characteristic wavenumber (q m ) and wavelength (λ m ), as shown in Figure 1.18(b) (Herminghaus, Jacobs, Mecke, et al. 1998).

Figure 1.18.: In (a), sketch of Φ(h) dependency on film thickness. For dashed and solid line, the global minimum is at a finite h, the differences is that long-range forces are in favor (dashed line) or in disfavor (solid line) of wetting. The growth rate dependency on wavenumber of the mode is plotted for the case where Φ ′′ (h) > 0 (dashed line) and Φ ′′ (h) < 0 (solid line). In this last case, there are unstable modes from 0 to q c , having a maximum that grows the fastest for q m (from Herminghaus, Jacobs, Mecke, et al. 1998).

The spinodal structure yields two distinct length scales: the particle's characteristic wavelength (Λ) and characteristic diameter (D). Both depend on the thickness of the film in a power law with different exponents. Figure 1.19 shows a schematic example of spinodal dewetting, with the two characteristic length scales that can be measured: characteristic particle size (D) and particle nearest neighbor distance (R). This particle distance is proportional to the characteristic wavelength of the structures (Λ = aR, with a>0) (Justin Trice, Thomas, Christopher Favazza, et al. 2007). Finally, from the thickness dependence of the particle spacing, the particle diameter dependency on thickness can be obtained (Justin Trice, Thomas, Christopher Favazza, et al. 2007). The wavelength power scale on thickness has two different exponents, 1.5 and 2, which output power scales with exponents 4/3 and 5/3 for the diameter on thickness respectively. In the following paragraphs, some experimental work showing these Krishna et al showed that, in their case, the pathway for dewetting of different thickness Ag films on SiO 2 substrate by nanosecond laser radiation is dependent on the deposited film thickness (h). In their case, films from 2 nm to 9.5 nm showed intermediate morphology of bicontinuous structures, while films from 11.5 nm to 20 nm showed regular-sized holes (Figure 1.20). The obtained dewetted structures were in good agreement with the spinodal dewetting theory, as the dewetting characteristic wavelength (Λ) of the structures, obtained through FFT, increased with the square of the thickness (Λ ∝ h 2 ) (Krishna, Sachan, Strader, et al. 2010). As it will be seen, the dependence of the length scale of the dewetting structures on the initial film thickness may vary from experiment to experiment [START_REF] Kondic | Liquid-State Dewetting of Pulsed-Laser-Heated Nanoscale Metal Films and Other Geometries[END_REF]. In yet another experiment where the metallic layer was dewetted by nanosecond pulsed laser, McKeown et al monitored nickel thin films of different thickness using insitu TEM techniques with spatial and temporal resolutions of tens of nanometers and nanoseconds, respectively. They observed that measured timescale was consistent with the one proposed by spinodal dewetting theory. Furthermore, they observed that the characteristic wavelength increased with thickness raised to the power of 1.5 (Λ ∝ h 3/2 ), as shown in Figure 1 Many other studies have analyzed the dewetting of Co films under similar conditions. They also observed for films thickness below 3 nm, the dewetting pathway was bicontinuous structures, while for thicker films it was through holes. From their SEM images, they measured different length scales: the diameter of the structures and the average inter-particle spacing (R), which is proportional to the period (Figure 1.22). They observed that R was proportional the square of the thickness, thus confirming that the period in their study was proportional to the thickness of the metallic film, indicating a spinodal dewetting mechanism (Justin Trice, Thomas, Christopher 1. State of the art -1.2. Dewetting Kojima and Kato investigated electron-beam-induced nanoparticle formation in thin Au films, from 5 nm to 30 nm, on smooth SiO 2 /Si substrates. During electronbeam irradiation, the Au thin film was decomposed into nanoparticles through a dewetting process. The authors claimed a dewetting of the molten gold film, indicating liquid phase dewetting, even if no thermal gradient studies were presented. Still, the dominant wavelengths of the surface (corresponding to the distance between nanoparticles) was found to increase linearly with the thickness of the film. The diameter of the nanoparticles also increased linearly with thickness. The authors did not explain this phenomenon, other than to point out the discrepancy between their results and the expected behavior of spinodal dewetting. In the case of spinodal dewetting, the dominant wavelength scales with 1.5 or the second power of film thickness, as shown in the other examples. Thus, the results obtained by them showed a non-spinodal behavior. They support the theory that the deposition process and the initial morphology prior to dewetting are important in determining the dewetting mechanism, explaining why other mechanism than spinodal was observed in this case. However, they did not point out this different mechanism for dewetting [START_REF] Kojima | Nanoparticle formation in Au thin films by electron-beam-induced dewetting[END_REF]. In another example, Fulton et al studied pulsed laser-induced dewetting of Au thin films deposited on polished silicon. They pointed out a liquid state dewetting, al-1. State of the art -1.2. Dewetting though no thermal studies was provided in the document. This hypothesis is probable considering that the full dewetted patterns could be achieved after a single laser pulse on the order of tens of nanoseconds. They obtained uniform, randomly arranged gold nanoparticles of different diameters based on the initial thin film thickness after a single laser pulse. Examples of the dewetted structures are shown in Figure 1.24, as well as the linear dependency of the diameter of these particles on the thickness of the metallic film. By comparing these results to the ones expected for a spinodal mechanism, they conclude that the mechanism was another one. They suggested that a nucleation and growth mechanism of holes could be responsible for this behavior. In this case, the authors proposed that the nucleation sites (high energy spots) would be located at the nano-islands presented in the as-deposited surface of film, which are generated by the Volmer-Weber mechanism of Au film growth (F. Ruffino, M. G. Grimaldi, Giannazzo, et al. 2009; F. Ruffino and M. G. Grimaldi 2010). In this model, three-dimensional island growth dominates, and since they are nucleation sites of the holes, their distribution is related to the spatial distribution of dewetted particles. The well-defined length scale of the dewetted particles is then related to the spatial distribution of the nucleation sites of holes, represented by the linear dependence of NP diameter on film thickness (Fulton, Ozhukil Kollath, Karan, et al. 2020). The result of this work of observing other dewetting mechanism than spinodal dewetting supports the theory of Kojima that the initial morphology prior to dewetting are important in determining the dewetting mechanism [START_REF] Kojima | Nanoparticle formation in Au thin films by electron-beam-induced dewetting[END_REF]. These different studies on liquid state dewetting illustrated how these liquid state mechanisms produce different time scales and length scales (period and diameter), and how they are dependent on the thickness of the metallic layer. In the case of spinodal dewetting, the period of such structures follows a power-law on thickness with an exponent 3/2 or 2, and it remains an open discussion as to which exponent 1. State of the art -1.2. Dewetting has a better fit on the experimental data [START_REF] Kondic | Liquid-State Dewetting of Pulsed-Laser-Heated Nanoscale Metal Films and Other Geometries[END_REF]). The pathways of spinodal dewetting are bicontinuous structures and holes nucleation and growth. The first is usually related to thinner films, and as the metallic film thickens, the hole pathways takes place. For even thicker films, the dewetting mechanism is still hole nucleation and growth, but the nucleation of such holes is not related to spinodal dewetting [START_REF] Kondic | Liquid-State Dewetting of Pulsed-Laser-Heated Nanoscale Metal Films and Other Geometries[END_REF]. In this case, the appearance of holes is related to another mechanism that creates the high energy spots required for hole nucleation. As the mechanism changes, the linear stability analysis that provides the period and time scales for spinodal dewetting may no longer be useful. In this case, other mechanisms to explain the appearance of high energy spots for hole nucleation and growth are necessary. So, the characteristic wavelength of such structures is not necessarily a power-law. Examples of a linear dependency diameter of these structures on thickness is shown in the works of Fulton (Fulton, Ozhukil Kollath, Karan, et al. 2020) and Kojima [START_REF] Kojima | Nanoparticle formation in Au thin films by electron-beam-induced dewetting[END_REF], and an example with no dependency at all will be presented in the next subsection in the work of Ly [START_REF] Ly | Pulsed laser-induced dewetting and thermal dewetting of Ag thin films for the fabrication of Ag nanoparticles[END_REF].

As mentioned earlier, the occurrence of different mechanisms may depend on the deposition techniques used and other process-related characteristics, so it may be difficult to compare the particle obtained in different works and obtain general trends. If this is already a problem when comparing the behavior of liquid dewetting systems, it is also the case when comparing dewetting structures obtained by liquid or solid state mechanisms. To overcome these difficulties, the ideal approach is to have the same input sample and then control the system to obtain solid or liquid dewetting. This is the type of work described in the next section.

Liquid state vs solid state

Solid-state and liquid-state dewetting studies showed that different results can be obtained depending on the thin films conditions and the state of the matter during dewetting, which means different heating sources in most of cases (furnace or laser heating). In order to compare the particles from solid and liquid state dewetting, it is interesting to obtain structures from the same thin film to compare them. Two particular studies compared liquid and solid state dewetting: Ly et al investigated the dewetting of Ag films under nanosecond pulsed laser-induced dewetting and furnace heating [START_REF] Ly | Pulsed laser-induced dewetting and thermal dewetting of Ag thin films for the fabrication of Ag nanoparticles[END_REF], and Yo et al investigated the dewetting of Au films using a continuous wave laser [START_REF] Yoo | Scalable Light-Printing of Substrate-Engraved Free-Form Metasurfaces[END_REF]). These results are important for understanding and comparing the different mechanisms available in each case.

Ly et al explored the dewetting of Ag on Si substrates by two distinct methods: nanosecond pulsed laser-induced dewetting, by liquid-state dewetting, and thermal dewetting, by solid-state dewetting, conducted in vacuum in a furnace. In the laserinduced dewetting, the size of the Ag NP did not change with the laser fluence nor with multiple pulses/radiation time. The size distribution of Ag NPs obtained could be single or bimodal, from a certain thickness. Examples of these structures are shown in 1. State of the art -1.2. Dewetting Figure 1.25. In this context, the nanoparticle diameter also did not show any particular trend with increasing thickness (Figure 1.26(a)). This is explained by the mechanism of dewetting in this case: the liquid state dewetting is governed by a mechanism of nucleation and growth of holes due to the formation of nano-islands from the Volmer-Weber growth of thin films during sputtering. On the contrary of the observed trends in the work of Fulton (Fulton, Ozhukil Kollath, Karan, et al. 2020), the Ag film grew here is not smooth and homogeneous and has holes randomly distributed in the surface of the sample. In this case, the Ag film grew by Volmer-Weber has random high energy spots, which are the preferential site of nucleation of holes to form the Ag NP by laser dewetting. This explains why the obtained film did not present a thickness-dependent characteristic length scale. This is also a result that support the idea that the film dewetting behavior is strongly dependent on the morphology of the initial metallic film prior to dewetting. In the solid state dewetting obtained by vacuum furnace at temperatures below the melting point of Ag, the NP size did not vary neither with temperature nor with treatment duration. But, the particle diameter increased linearly with the thickness, up to a limit (Figure 1.26(b)). The investigation of thickness-dependent NP size in solid-state dewetting unveiled a mechanism of void initiation due to pore nucleation at the film-substrate interface. Furthermore, the linear dependence of NP size on thickness provided evidence of fingering instability, which leaded to the branched growth of voids [START_REF] Ly | Pulsed laser-induced dewetting and thermal dewetting of Ag thin films for the fabrication of Ag nanoparticles[END_REF].

Finally, they also compared the nanoparticles obtained by the two methods. The ones obtained by pulsed laser are more espherical (aspect ratio close to 1). The aspect 1. State of the art -1.2. Dewetting ratio of (height/width) of the particles obtained by pulsed-laser is 0.72, while it is 0.41 for the one obtained by solid-state dewetting [START_REF] Ly | Pulsed laser-induced dewetting and thermal dewetting of Ag thin films for the fabrication of Ag nanoparticles[END_REF]). The heating method to obtain nanoparticles in this study was through furnace or laser heating. Ideally, we seek a method that uses the same heating source on the same film for obtain dewetting particles, so they can be compared them. This is the next example. A key study for the present work is the paper of Yoo et al on the dewetting of 10 nm Au films by continuous wave (532 nm) laser processing. In their experiments, they used a Gaussian beam laser to scan the surface of the sample at different speeds and laser peak intensities, obtaining a dewetted film. They observed that the dewetting could be achieved through two different mechanisms: solid or liquid state according to the temperature reached in the film. The temperature reached at a point in the film depended on the laser scanning speed, the intensity of the peak, and also the distance of the point from the Gaussian peak. In the end, they observed that the laser processing conditions determined not only the temperature reached, but also other aspects of the sample: its final optical properties, and, from a morphological perspective, the particles shape and fill factor that could be correlated to the different dewetting mechanisms taking place [START_REF] Yoo | Scalable Light-Printing of Substrate-Engraved Free-Form Metasurfaces[END_REF].

They used the solution of the linear heat flow equation to estimate the temperature distribution of a bulk material with surface absorption under a Gaussian heating source moving at a constant velocity. This allowed them to obtain the temperature reached at the surface of the film given the point's distance from the Gaussian laser peak and taking into account the laser intensity and scan speed (Figure 1.27 left). The model has some limitations as it does not account for dewetting effects on thermal diffusion and absorption, which are dynamic in the process. However, the estimated 1. State of the art -1.2. Dewetting temperature correlated well with the morphological observations of the samples and produced consistent results [START_REF] Yoo | Scalable Light-Printing of Substrate-Engraved Free-Form Metasurfaces[END_REF].

To characterize the morphological properties of the samples, they performed SEM imaging of the samples at different locations (Figure 1.27 right). They observed that for particles that appeared above the melting point of gold (a temperature rise of 1041 K), their shape was more rounded ("center" image in Figure 1.27). For the regions where the estimated temperature was below the melting point, their shape was more faceted edged ("+ 100 µm" image in Figure 1.27) or even continuous dewetted structures ("+ 300 µm" image in Figure 1.27). By calculating the fill factor of the SEM images at each position, they observed that the dewetted structures occupied a reduced surface as they were close to the Gaussian peak ( The fill factors obtained from different SEM images could then be correlated to their local temperatures, as shown in Figure 1.28(b). The graph in Figure 1.28(b) has a y-scale in 100% -fill factor, so caution should be taken analyzing it. It can be observed that the fill factor decreases with increasing temperature reached. Finally, the fill factor increased abruptly when the temperatures were above the melting point, observed through the abruptly drop by of 10% just by passing the melting point. This behavior is attributed to a change in the dewetting mechanism from the surface diffusion (solid state) to instability (liquid state) [START_REF] Yoo | Scalable Light-Printing of Substrate-Engraved Free-Form Metasurfaces[END_REF]. This fill factor could also be correlated to the optical properties of the samples. They observed that each region of a laser-processed sample displayed a visible color according to its radial distance to the Gaussian peak. This trend is illustrated by transmission measurements made at different distances from the center (Figure 1.29(a)). Finally, this is shown schematically in Figure 1.29(b). The colors of the two adjacent regions of the sample are in the top of image. From SEM imaging of this transition region, sharp changes in particle shape and fill factor could be observed. This result is related to the temperature reached being above or below the melting point, affecting the dewetting mechanism and particles final morphology [START_REF] Yoo | Scalable Light-Printing of Substrate-Engraved Free-Form Metasurfaces[END_REF]. The work of Yoo et al presented the dewetting of Au thin films under CW laser radiation and observed that the dewetting could occur in either liquid or solid phase, depending on the temperature reached during processing. They showed how the temperature reached could be estimated by simple thermal modeling, although some limitations on the accuracy remained. To overcome such limitations, they correlated their estimated temperatures with different measurements of optical properties or morphological characterization, obtaining the particle shapes as well as their respective fill factors. They showed that the temperature reached determines the particle shape and fill factor, which is directly related to the optical properties of the dewetted film [START_REF] Yoo | Scalable Light-Printing of Substrate-Engraved Free-Form Metasurfaces[END_REF].

After studying the difference between solid-state and liquid-state dewetting of the same metal film, we could gain some insights on the techniques used to study both mechanisms. However, Yoo's system had a huge difference from ours: the capping layer. Therefore, let us consider the special case of dewetting of a capped metallic layer, getting even closer to our system of interest, the patterning of metallic films encapsulated by dielectrics.

With capped layer

Unfortunately, not many studies on metallic layer capped by solid layers are present in the literature. In the case of solid state dewetting, Cao et al observed that by adding a capping layer of graphene they could suppress the dewetting of 20 nm Au films under thermal annealing at 350 °C [START_REF] Cao | Preventing Thin Film Dewetting via Graphene Capping[END_REF].

White et al studied the effects of introducing alumina capping layers up to 20 nm to 5 nm-thin nickel films during a pulsed laser-induced dewetting process. They observed that these layers reduced the diameter and inter-particle distancing of Ni particles with no noticeable difference in final morphology when compared to uncapped films (White, Behbahanian, Stoker, et al. 2018).

State of the art -1.2. Dewetting

Kline and Leonard studied in more detail the dewetting of 200 nm films of Au and Ni encapsulated by SiO 2 by pulsed excimer laser (λ = 258 nm). They could modulate the laser fluence and the shape of the beam to be of narrow lines from 3 to 40 µm. By parametric testing both conditions and by observation of the surface of the sample, they could define when the film was completed or partially melted and if dewetting appeared (Figure 1.30). They observed a process region immediately above the complete melting threshold for which the films remained continuous and smooth after melting and resolidification. For fluences just above this region, dewetting is observed and, for even higher fluences, the damaging of the film was observed (Kline and Leonard 2005). They proposed a modification of the dewetting mechanism in the case of dewetting of capped metallic layers. They suggested two possible pathways for such dewetting: one considers the capping layer conformation as the film thins as the dewetting progress, and the other is a gas-mediated model of void formation (Figure 1.31). These models are non-exclusive, which means that both of them could happen at the same time [START_REF] Kline | Suppression of dewetting phenomena during excimer laser melting of thin metal films on SiO2[END_REF]. The proposed mechanism by Kline and Leonard helps us understand the complexity of dewetting in the system of our interest, the metallic layer encapsulated by dielectrics. The main idea of adding a capping layer is to prevent dewetting, as another mechanism must occur beside the thinning of the metallic film. For example, in the case of deformation of the capping layer, the reduction in the surface energy must be sufficient to overcome the energy barrier of deformation of the capping layer. Also for the gasmediated dewetting process, the creation of this new surface is also a dynamic process that has a energetic and kinetic barrier. Even more, some deformation can also occur, complexifying the mechanism.

Summary

Thin films are generally metastable or unstable in their as-deposited state and have a tendency to dewet when heated. Therefore, depending on the intensity of heating, dewetting is a phenomenon that can occur in the liquid or solid state, and the driving force is the reduction of the surface energy of the system. The mechanism by which a system reaches the minimum surface energy, or dewetted state, depends on the specificity of each system. Different mechanisms are possible depending on the state of the film, solid or liquid, and on the high energy spots available in the system. These high energy spots can be related to the deposition technique used or the interface between the thin film and the substrate used, and often results in the nucleation and growth mechanism of holes. Other mechanisms available are related to the state of the matter of the film: liquid dewetting occurs through hydrodynamic instability, while solid state dewetting occurs through edge retraction. The different dewetting mechanism and their temperature range are summarized in Table 1.1.

Another important aspect is the final morphology of the particles in the dewetted state. Unfortunately, they are very specific to each study and system, as they relate to dewetting mechanisms. Therefore, it is difficult to show a general trend. What was observed, however, was a sudden change in the particles morphology when the mechanism changed. This can be observed from the size of the particles, their aspect ratio, their fill factor and even because they are more edgy or rounded. by looking at one aspect of the morphology, it is possible to notice that the mechanism is transitioning from a solid to a liquid state mechanism by abrupt changes in this aspect.

Based on these general observations, we turn to the specific case of this study. As mentioned in the introduction, we investigated the patterning of metal thin films encapsulated by dielectric layers under CW laser irradiation. So far, the literature suggests that dewetting of metal thin films by CW laser heating can occur in liquid or solid state, but the main difference between our work and the literature is the capping layer. If the capping layer is included in the equation, the mechanism is adapted and the surface energy reduction must now be accompanied by a gas-mediated process and/or a capping layer deformation.

When we discuss the deformation of the capping layer, we start a discussion on wrinkling or buckling of the capping layer. Therefore, the next section will discuss the patterning of capped thin films, but from the perspective of the capping layer. So, instead of lowering the surface energy of the exposed film, the system is studied in terms of how the top layer releases its stress.

1. State of the art -1.3. Wrinkling

Wrinkling

A system composed of a substrate (or underlayer) and a stressed capping layer can be subjected to a wrinkling mechanism. As the object of this study is the phenomenon of patterning of metallic layers encapsulated by dielectrics during laser processing, this mechanism is a good candidate to explain it. However, for wrinkling to take place, the underlayer must has enough mobility to acquire the buckled state of the capping layer, otherwise it is just a buckling and delamination occurring, as shown in Figure 1.32 [START_REF] Shugurov | Mechanisms of periodic deformation of the film-substrate system under compressive stress[END_REF].

As the literature available on wrinkling does not provide an example of wrinkling with a metallic underlayer or substrate, we propose to analyze a representative set of experimental results on wrinkling and then proceed to some modeling, in order to obtain the most of relevant information on this mechanism. Several groups studied and simulated the final structure of a liquid film or elastically compliant substrate covered with a stressed layer. It has been shown that the formation of wrinkles could produce periodic or non-periodic patterns, depending on the mechanical properties and stress state of the capping layer, the substrate or even the bottom layer. These wrinkles are a product of mechanical instability acting on the capping layer and can produce different patterns, as shown in Figure 1 

Experimental results

Cai et al investigated thin stiff films on compliant elastic substrates subjected to equibiaxial compressive stress. They observed that the film could buckle into various periodic mode patterns, such as: 1D regular lines, checkerboard, hexagonal and herringbone (Figure 1.34). In order to obtain these structures, they performed an ultraviolet-ozone (UVO) oxidation process to produce surface layers on cross-linked polydimethylsiloxane (PDMS) substrates. This oxidation process created a film on the substrate surface, which then went through a swelling process. This swelling process took place in a sealed chamber containing a reservoir of ethanol. This ethanol vapor was then absorbed by the samples, but to a greater extent by the oxidized film than the substrate. Thus, the difference of swelling in both layer creates the equi-biaxial compressive stress in the film (Cai, D. Breid, A. J. Crosby, et al. 2011).

1. State of the art -1.3. Wrinkling The intensity of this applied stress was controlled by the UVO oxidation time. As the time under UVO exposure increased, the thickness of the oxide also increased and, therefore, leading to a greater swelling. By having measured the critical stress at the onset of wrinkling, it was possible to study how the intensity of the overstress was responsible for each found structure. In Figure 1.35, the surface of the sample for a stress slightly below the critical stress of onset of structuration is shown (image 1.35(a)) and the wrinkles formed at a stress slightly above the critical stress of the onset of structuration (image 1.35(b)). As the overstress further increased, the patterns observed were hexagonal modes (image 1.34(c)) and herringbone modes (image 1.34(d)). This change of pattern seems to be related to the reduction of energy of each mode, and this kind of result can be explored through modeling (Cai, D. Breid, A. J. Crosby, et al. 2011). From an experimental perspective, Breid and Crosby explored this kind of experimental set-up even further, and more details can be found elsewhere (Derek Breid and Alfred J. Crosby 2009; Derek Breid and Alfred J. Crosby 2011). Continuing this work, Cai et al performed some interesting modeling as an attempt to study the different modes, presented in Figure 1.35, in more details. They used analytical upper-bound method and a full numerical analysis to understand the energy in the buckled state. Based on the assumption that the mode with the minimum energy is the most likely to be observed, they proposed an order on how each mode has the lowest energy, being the two that most reduce the energy either the checkerboard or the herringbone according to the overstress. In the case of low overstresses, the mode with squared checkerboard should be dominant, and for higher overstresses, the herringbone mode should emerge. The rest of the order is: hexagonal and triangular at the same level and one-dimensional lines mode reducing the energy the least. Although they stated that squared mode should prevail for lower overstress, the experiments presented the hexagonal mode. They proposed that the initial curvature of the film may play a role in selecting the wrinkling hexagonal pattern. This curvature also could be an explanation on why the triangular mode has not been observed in their experiments even though it has the same energy as the hexagonal mode when the system is initially flat (Cai, D. Breid, A. J. Crosby, et al. 2011).

Finally, in Figure 1.36, examples of multiples modes coexisting are shown: disorganized herringbone are present with hexagonal patterns with the same wavelengths. Cai et al explained this considering a barrier, maybe kinetic, that prevents the developed periodic mode pattern to evolve to another periodic mode with different wavelengths, even if the other mode has lower energy.

To summarize, this study illustrates how rich it can be to study wrinkling phenomena, through experiments and also by modeling, like the nonlinear buckling phenomena analysis used. Nevertheless, the different phenomena taking place and the different parameters that have to be taken into account to correctly predict the behaviors of the system certainly represent a non-trivial task, as numerous questions are still unanswered (Cai, D. Breid, A. J. Crosby, et al. 2011). Another interesting point of the study was the observation that spatial frequency varied with the laser fluence used. Not only that, but by regarding the laser fluence of different regions in a gaussian-shaped laser, they could correlated the local laser fluence to the spatial frequency observed. In short, they analyzed the spatial frequency, or wavenumber, as a function of incident fluence determined by selecting rings of various radii in the wrinkles circular area. To do that, for a given wrinkle pattern obtained at a given fluence, they performed radial filters on the image, exhibiting only the image at a certain radius. By correlating the radius of the obtained image to 1. State of the art -1.3. Wrinkling the radius of the gaussian beam, they had information on the fluence at that region and also correlated it to the spatial frequency of the image, obtained through a 2D FFT on the filtered image. Thus, for each image, they could obtain the fluence at each radius and its spatial frequency, which is related to the wavenumber by a 2π factor. All the steps are shown in Figure 1.39. They observed that the spatial frequency decreased as the fluence increased. They attribute that variation of spatial frequency to the thickness of the melted film in each region. The higher the fluence, the thicker the melted film. In other words, they showed that the wavenumber decreased as the melted film thickness increased (Martinez, Papagiannouli, Descamps, et al. 2020). We propose here to use these results of Martinez (Martinez, Papagiannouli, Descamps, et al. 2020) of spatial frequency and fluence with some modeling from their work to understand how the period of the structures obtained depend on thickness. The first information that will be used is the absorption length (L abs ) determined from the extinction coefficient that they measured. In the case of the studied sample, the absorption length was of 63 nm. Second, as they assumed, there is an extremely limited energy transport in the transverse direction, so that the Beer-Lambert law could be applied and the fluence (F) as function of film's depth and beam radius (r) is given by:

1. State of the art -1.3. Wrinkling F (z, r ) = F (0, r ). exp(-z/L abs ) (1.3) with F (0, r ) = F 0 . exp(-2r 2 /w 0 ) (1.4)
where w 0 is the beam waist at the surface of the irradiated sample. Given these hypothesis and defining F th as the fluence melting threshold, for a given fluence F r , the depth of melting z mlt is:

z ml t = -L abs ln(F t h /F r ) (1.5)
By this equation it is possible to obtain for each fluence, the corresponding depth of melting z mlt , or the molten thickness. In addition to it, the spatial frequency is just the inverse of the characteristic wavelength, or period. Thus, it is possible to transform the graph in Figure 1.39(f) in a graph of period dependency of structures on the molten thickness. This graph is presented in Figure 1.40. The fluence of the melting threshold was assumed to be the lowest fluence used in Figure 1.39(f), which is lower than F th that they proposed in their study. However, even by assuming the value given in their work, the tendency presented in the Figure 1.40 did not change. In Figure 1.40, the dependency of the period of the structures on the calculated molten thickness is shown for different laser fluences. As one can see, the period increased linearly with the molten thickness for all the fluences. The two lower fluences showed good agreement on the calculated molten thickness, while the higher one was 1. State of the art -1.3. Wrinkling slightly below. However, this was also observed in the obtained data (Figure 1.39(f)) and according to the authors, it is probably due to alignment issues.

Finally, they could obtain such structures using different lasers and pulse durations, as shown in Figure 1.41. Their work was very interesting from a perspective where they tested different lasers and their parameters in order to achieve patterning. Their method proposed of studying the spatial frequency dependency of fluence also permitted us to estimate the dependency of the period of their structures on the molten thickness. In the context of laser induced structures, Lu et al investigated the formation of periodic structures formed from Si substrates capped with SiO 2 by laser irradiation. They proposed that thermally generated surface waves would be responsible for the formation of these structures, with the Si layer in liquid phase. Later, Martinez et al [START_REF] Martinez | Laser Generation of Sub-Micrometer Wrinkles in a Chalcogenide Glass Film as Physical Unclonable Functions[END_REF]) cited this paper as an example of wrinkles formed by a laser-melted layer capped by a rigid oxide layer. In this study, SiO 2 films of different thickness were grown on Si substrates either by thermal oxidation in dry oxygen gas or water vapor. The samples were then laser processed with a flattened excimer laser (λ = 248 nm) with a pulse duration of 23 ns. Top-view SEM images of samples with oxide layers of different thickness after laser patterning are shown in the first row of Figure 1.42. From these images, it could be observed that period of the structures increases with the thickness of the oxide layer, as summarized in the graph in the same figure. This behavior is indeed a strong trace of wrinkle formation. The cross-sectional SEM images also shows the curvature of the sample after structuring [START_REF] Lu | Controllable laser-induced periodic structures at silicon-dioxide/silicon interface by excimer laser irradiation[END_REF]. Semi-conductors layers encapsulated by oxides were also an object of study. Giust and Simon investigated the laser patterning of a poly-crystalline Si layer encapsulated by SiO 2 . The obtained structures were not in accordance with any ripple mechanism studied so far, and although they confirmed that the semi-conductor layer melts during laser processing, they remained open to an understanding of the mechanism. Martinez et al [START_REF] Martinez | Laser Generation of Sub-Micrometer Wrinkles in a Chalcogenide Glass Film as Physical Unclonable Functions[END_REF]) later cited them as example of wrinkles formed by a laser-melted layer capped by a rigid oxide layer. The samples used in this study were a bit peculiar (scheme in Figure 1.43(a)). They consisted of a silicon substrate with a bottom layer of 300 nm of SiO 2 with a cavity 1. State of the art -1.3. Wrinkling in its center. The cavity was obtained by wet-etching, and its thickness (r) varied from 56 nm to 160 nm, while its diameter (d) varied from 4 µm to 60 µm. A 90 nm polycristalline layer capped with 53 nm of SiO 2 was then deposited on the sample. Afterwards, the sample was laser irradiated with a 3 mm 2 flat-top excimer laser (λ = 308 nm) with a pulse duration of 35 ns. As it can be seen from the TEM image of the structures obtained (Figure 1.43(b)), the structures were not present in the cavity (white region), but growing from it. AFM images (Figure 1.43(c) and (d)) confirmed that the center cavity has a hole and that structures were formed in the outside region. These structures had a characteristic wavelength of 1 µm with a 200 nm amplitude (Giust and Sigmon 1997). 1. State of the art -1.3. Wrinkling

Serrano and Cahill studied the laser structures obtained on samples composed of a Si substrate capped with a SiO 2 film. They pointed out that during pulsed laser irradiation, the Si film was melted, so the oxide film could relax its compressive stresses by buckling. They investigated 25 nm and 50 nm SiO 2 films grown on Si(100) wafers by thermal oxidation. Nd:YAG lasers (λ = 532 nm) with pulse duration of 1 ns or 7.5 ns were used. In their set-up, they could not only control the power density, but also the melting area by truncating the beam. When the molten region was large enough, they observed a series of alternating upward and downward deflections in concentric rings with different periods (Figure 1.44). The periods, or wavelengths, (λ) of these structures were then translated to wavenumbers (k) through the following equation:

λ = 2π k (1.6)
To explain this phenomenon, they used the buckling theory of an elastic film on a viscous liquid layer. According to this linear perturbation theory, the most unstable wavenumber is the sinusoidal perturbation with the fastest growth rate. They observed that shallow capillary waves could be the waves that grew to create these structures [START_REF] Serrano | Micron-scale buckling of SiO2 on Si[END_REF]. They also made some considerations about the observed difference from the theoretically expected wavelengths and the ones observed in their structures. They used the buckling theory of a thin elastic film on a viscous layer in the limit of small liquid film to obtain the most unstable wavenumber. This wavenumber, k max , is given by (R. Huang and Suo 2002a):

k max = 1 h f 8ϵ 0 (1 + ν) (1.7)
Where h f is the film thickness, and ϵ 0 and ν are the residual strain and Poisson's ratio of the oxide film. This theory predicts that k max decreases asymptotically with the thickness of the oxide film (h f ). In the case of this study, these values were k max = 3.64 µm -1 for the 50 nm thick film, and k max = 7.06 µm -1 for the 25 nm film. As shown in Figure 1.45(a), the measured values of wavenumber exceeds the ones calculated by this theory. The authors attributed this to the limited duration of the Si in liquid state. They suggested that as the peak energy density increases, the duration of the Si in the molten state also increased, which explains the approximation of the amplitude average to the equilibrium amplitude calculated through the theory. In 1. State of the art -1.3. Wrinkling real life scenarios, the amplitude of these perturbations cannot grow indefinitely, because the driving force for buckling, the elastic energy stored in the film, decreases as amplitude increases. Over a long period of time, the amplitude saturates and reaches a kinetically constrained equilibrium. This equilibrium amplitude (A eq ) is given by the approximation (Sridhar, Srolovitz, and Suo 2001): This section presented the experimental results of wrinkling of various systems. As can be seen, the periodic structures could be obtained using a variety of substrates and thin films. From these experiments, two results caught our attention. The first one is that by increasing capping layer thickness, the period increased linearly with it. Another interesting result is the one adapted from Martinez's work, where the period of the structure increased linearly with the calculated molten thickness (Martinez, Papagiannouli, Descamps, et al. 2020). Since these behaviors were observed experimentally, some effort was made to model such phenomenon in the hope that other interesting behaviors could be revealed. These modeled results are presented in the next subsection.

A eq = h f 6 (1.8)
On the next section, the discussed non-coherent patterning mechanism are summarized and compared considering our object of interest: patterning of metallic layers encapsulated by dielectric under CW radiation.
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Model considerations

In the last study presented in the previous subsection, Serrano and Cahill studied the laser structures obtained on samples made of a Si substrate capped with a SiO 2 layer. In addition to their experimental observations, they also performed some model of their experiments in order to explain the periods experimentally observed. We propose in this subsection to walk through a different model from the one they used and compare these results to the ones they obtained [START_REF] Serrano | Micron-scale buckling of SiO2 on Si[END_REF].

Serrano and Cahill mainly used the results from Sridhar (Sridhar, Srolovitz In more detail, Huang and Suo analyzed their exact solution (R. Huang and Suo 2002a) comparing it to the other one they proposed (R. Huang and Suo 2002b) and the one proposed by Sridhar [START_REF] Sridhar | Kinetics of buckling of a compressed film on a viscous substrate[END_REF]. They showed that their exact solution approximates their first proposed solution as the thickness ratio between the viscous layer and the elastic layer is small. On the other hand, if the same thickness ratio is large, their solution approximates the results obtained by Sridhar. This behavior is exemplified in Figure 1.46, where the fastest growth wavenumber of wrinkling and its fastest growth rate are given for the different studies. With these considerations made, we start by presenting the model of the exact solution for all thickness range of viscous layer (R. Huang and Suo 2002a) for analyzing the results presented previously by Serrano and Cahill.

The system studied is presented in the Figure 1.47 and is composed of an elastic layer, of thickness (h f ), capping a viscous layer, of thickness (h L ) before wrinkling, on a rigid substrate. Since this model is composed of viscous layer flowing and an elastic film relaxing its stress, the analyses of the equations governing this problem shall be presented separately for each layer first and then in a coupled way. In order, we start by the flow of the viscous layer, then we present the deformation of the elastic film and finally both approaches are coupled at their interface, the bottom surface of the elastic film, where the displacement and the tractions are assumed to be continuous.

First analyzing the flow. The viscous layer lies on a flat rigid substrate and its flow is assumed to be slow, such that the inertia can be neglected. The equation of motion then is reduced to the equilibrium equation:

σ i j = 0 (1.9)
where σ ij is the stress tensor. By assuming that the material of the layer is linearly viscous, the stress components are related to the velocities by:

σ i j = η(v i , j + v j ,i ) -pδ i j (1.10)
where η is the viscosity, v i,j is the velocity and p is the pressure. The viscous layer is assumed to be incompressible, so that:

v i , j = 0 (1.11) and p = - 1 3 σ i j (1.12)
Under these assumptions, the flow is referred to as "Stokes flow" or "creeping flow".

Choosing the origin such that the tractions at the surface take the form:

σ zz (z = h L ) = q 0 (t ) sin(kx) (1.13) 1. State of the art -1.3. Wrinkling σ zx (z = h L ) = τ 0 (t ) cos(kx) (1.14)
where h L is the thickness of the viscous layer, k is the wavenumber of the perturbation, q 0 (t) and τ 0 (t) are the time-dependent amplitudes of the surface tractions. Now for the boundary conditions. The velocities at the bottom of the viscous layer are set to be zero, with no slip, and the surface is assumed to be flat. The problem then can be solved with an exact solution, as shown in the appendix A of the work of R. Huang and Suo 2002a. The velocities on the top surface are:

v z (z = h L ) = vz (t ) sin(kx) (1.15) v x (z = h L ) = vx (t ) cos(kx) (1.16)
The amplitudes of velocities are then linearly related to the amplitudes of surface tractions that:

vz (t ) = 1 2ηk (γ 11 q 0 (t ) + γ 12 τ 0 (t )) (1.17) vx (t ) = 1 2ηk (γ 21 q 0 (t ) + γ 22 τ 0 (t )) (1.18)
The dimensionless coefficients γ 11 , γ 22 , γ 12 and γ 21 are issued from the exact solution as:

γ 11 = 1 2 sinh(2kh L ) -2kh L (kh L ) 2 + cosh 2 (kh L ) (1.19) γ 22 = 1 2 sinh(2kh L ) + 2kh L (kh L ) 2 + cosh 2 (kh L ) (1.20) γ 12 = γ 21 = 1 2 (kh L ) 2 (kh L ) 2 + cosh 2 (kh L ) (1.21)
In the end, this is the exact solution of the problem. It can be approximated to issue the solutions presented in R. Huang and Suo 2002b and Sridhar, Srolovitz, and Suo 2001, as the thickness of the viscous layer could be small or large. Mokni et al also explored non-approximated solution of the problem, even applying it to a 2dimensional case. They also proposed small modifications in the model considering partial sliding at the interface of the film and viscous substrate [START_REF] Mokni | Instability of an elastic film on a viscous layer[END_REF]. The assumptions made here on the flow are important and may be related to the distance between model and experimental results. Now, turning our attention to the elastic film. The elastic film is compressed with a stress σ 0 , resulting in a compressive strain (ϵ 0 ). Being E the Young's modulus and v the Poisson's ratio of the film, during elastic behavior, the stress and strain are related through:
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The plate theory can be used to model the elastic deformation in thin films. Although the non-linear plate theory is required for solving problems with large deflections compared to the thickness of the film, the classical linear plate theory can be used for linear perturbation analyses. The elastic film (Figure 1.47) in our case is subjected to the in-plane membrane force (N), the normal (q) and shear tractions (τ) at the bottom surface. Under the plane strain conditions, the equilibrium equations of the linear plate theory leads to:

q = - E h 3 f 12(1 -v 2 ) ∂ 4 w ∂x 4 + N ∂ 2 w ∂x 2 + τ ∂w ∂x (1.23) τ = ∂N ∂x (1.24)
Where w is the deflection of the film. The membrane force N relates to the in-plane displacement u in the x-direction by Hooke's law. Considering that the film is initially compressed with a biaxial strain ϵ 0 and that the in-plane displacement is set to be zero at the initial state, one obtain:

N = E ϵ 0 h f (1 -v) + E h f 1 -v 2 ∂u ∂x (1.25)
In Figure 5.4, the normal traction (q), shear traction (τ) and in-plane membrane force (N) are shown acting in the bottom surface of the elastic layer. The direction of the in-plane displacement (u) and deflection (w) are also indicated in their respective axis. With that set, we can start the perturbations. For small perturbations, the in-plane displacement (u), in the x-axis, and the deflection (w), in the z-axis, are:

w(x, t ) = A(t ) sin(kx) (1.26) u(x, t ) = B (t ) cos(kx) (1.27) 1. State of the art -1.3. Wrinkling
Where A and B are small amplitudes and k is the wavenumber. By substituting these functions of u and w in the functions given just before and keeping only the first order terms in A and B, it issues:

N = E ϵ 0 h f (1 -v) - E h f 1 -v 2 B sin(kx) (1.28) τ = - E h f k 2 1 -v 2 B cos(kx) (1.29) q = E h f k 2 12(1 -v 2 ) (-12(1 + v)ϵ 0 -(kh f ) 2 )A sin(kx) (1.30)
One can observe that for small perturbations, the surface tractions τ and q are linearly related to the in-plane displacement u and the deflection w, respectively.

Finally, we can couple the viscous flow and the elastic deformation in the same model. The model proposed by Huang and Suo states that the perturbation that will prevail in the end is the sinusoidal with the fastest growth rate. By solving the two coupled linear equations, the solution of A and B are:

A(t ) = A 1 exp(s 1 t ) + A 2 exp(s 2 t ) (1.31) B (t ) = B 1 exp(s 1 t ) + B 2 exp(s 2 t ) (1.32)
The two eigenvalues, s 1 and s 2 , are then:

s 1 = 1 2   (α -β) + (α -β) 2 + 4αβ 1 - γ 2 12 γ 11 γ 22   (1.33) s 2 = 1 2   (α -β) -(α -β) 2 + 4αβ 1 - γ 2 12 γ 11 γ 22   (1.34)
Where γ 11 , γ 22 and γ 12 were defined above and α and β are:

α = Ekh f 24η(1 -v 2 ) (-12ϵ 0 (1 + v) -(kh f ) 2 )γ 11 (1.35) β = Ekh f 2η(1 -v 2 ) γ 22 (1.36)
The eigenvectors are given by:

B 1 A 1 = (α -s 1 )γ 22 βγ 12 (1.37) B 2 A 2 = (α -s 2 )γ 22 βγ 12 (1.38) 1. State of the art -1.3. Wrinkling
By defining the initial amplitudes A(0) = A 0 and B(0) = B 0 , this gives:

A 1 = α -s 2 s 1 -s 2 A 0 - βγ 12 (s 1 -s 2 )γ 22 B 0 (1.39) A 2 = α -s 1 s 2 -s 1 A 0 - βγ 12 (s 2 -s 1 )γ 22 B 0 (1.40)
Then, the values of B 1 and B 2 can be obtained by the Equations 1.37 and 1.38 of the eigenvectors.

This states that A(t) and B(t) are amplitude of the deflection (w) and the in-plane displacement (u). These amplitudes can be seen as a linear combination of exponential functions with growth rates s 1 and s 2 . Then, each exponential functions has an amplitude, respectively, A 1 and A 2 in the case of A(t) and B 1 and B 2 in the case of B(t).

The stability of the flat film depends on the rates, s 1 and s 2 , given above. The s 2mode always decays exponentially with time, since s 2 is negative for any wavenumber k. The s 1 -mode is different, it has a value of wavenumber, called critical wavenumber (k c ), in which the s 1 changes signs. This critical wavenumber is given by:

k c = 1 h f -12ϵ 0 (1 + v) (1.41)
The critical wavenumber k c presented here has no dependency on the ratio thickness between viscous layer and elastic film. Mokni and et al. proposed in their work a k c with dependency on the ratio thickness (Mokni, Kostrzewa, and Sidoroff 2008). Still, the k c value presented in this equation holds true if the thickness ratio between the capping layer and the viscous layer is lower than 3.7, which is the main scope studied in this work.

The critical wavenumber k c defines a positive and a negative region for s 1 . For k > k c , s 1 is negative and the perturbations decay with time. When k < k c , s 1 is positive and the perturbations grow. For values of k between 0 and k c , it exists a wavenumber that maximizes the growth rate. This wavenumber is the wavenumber with the fastest growth rate and it is called the fastest growing wavenumber (k max ). This value is found by setting the derivative of s 1 with respect to k to zero:

∂s 1 ∂k k=k max = 0 (1.42)
This k max value is dependent on the thickness ratio of the capping layer and the viscous layer. However, some limits can be considered. In the limit of an infinitely thick viscous layer, the values is:

k max = -4ϵ 0 (1 + v) h f (1.43)
As in the case of an infinitely thin viscous layer, the fastest growing wavenumber is:
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By comparing these values, it can be seen that the k max decreases as the thickness of the viscous layer increases. It also gives us a maximal cap of the decreasing factor. In this model, the k max obtained on a thick viscous layer cannot be smaller than the k max obtained on a thin viscous layer divided by 2 considering the other parameters unchanged.

By using the values given in Serrano and Cahill 2002, we have all the information necessary to use these equations to calculate the growth rate s 1 for different values of k. The values used for the oxide capping layer are: σ 0 = -300 Mpa, ϵ 0 = -3.55 x 10 -3 , v = 0.17 and thickness h f of 25 or 50 nm. As for the melted Si layer: h L = 150 nm, η = 0.6 mPa.s and ρ = 2.5 x 10 3 kg.m 3 .

These results are shown in Figure 1.49. The k max obtained were 7.13 µm -1 and 3.63 µm -1 , for 25 nm and 50 nm of SiO 2 respectively, which are almost the same values as the ones obtained with the approximation used by Serrano and Cahill in their paper.

By finding the value of k max , it is possible then to obtain s 1 (k max ) and s 2 (k max ) in order to obtain the amplitude functions for the deflection (A(t)) and displacement (B(t)). For the 25 nm thick oxide layer, they are s 1 (k max ) = 2.597 × 10 9 s -1 and s 2 (k max ) = -8.936 x 10 12 s -1 , as for 50 nm they are s 1 (k max ) = 3.898 x 10 8 s -1 and s 2 (k max ) = -8.086 x 10 12 s -1 . In both cases, the amplitude will show an exponential growth rate thanks to the high value of s 1 . As it could be observed, the A and B will increase exponentially with time, but the amplitude of these perturbations cannot grow indefinitely, as the driving force for this patterning, i.e. the stress on the capping layer, has limits. The results obtained here by perturbation analysis are only valid for small times. When the perturbation amplitude becomes large compared to the oxide film thickness, the linear stability analysis does not provide an accurate description of the film profile evolution. In the long time limit, for a fixed wavenumber, there will be a thermodynamic equilibrium amplitude achieved, corresponding to the balance between the release of the compressive stress in the film and the energy of bending the film in the buckled profile. Sridhar proposed two methods for calculating the achieved amplitude after long time (Sridhar, Srolovitz, and Suo 2001; Sridhar, Srolovitz, and Cox 2002), and Huang another one (R. Huang and Suo 2002b). This last method will be the one explored here, in which the equilibrium amplitude (A eq ) is given by:

A eq = h f 1 3 k c k 2 -1 (1.45)
In this equation one can observe that only the modes with a wavenumber k below k c give real equilibrium amplitude, for values of k larger than k c , the equilibrium state does not exist. Another interesting result is that the amplitude increases as the wavenumber decreases. For the fastest growth wavenumber obtained, this value is 10.89 nm for the 25 nm thick film and 20.73 nm for the 50 nm thick film.

In the conditions of a laser treatment, the liquid layer has a finite lifetime, so the growth rate is important. The equations used here ignore the effects of fluid inertia, an approach valid for a system with high viscosity liquid. In the case of a metal liquid layer, molten metal has a very low viscosity. So, Serrano proposed that growth rate in their case would begin with the dispersion relationship of a shallow capillary wave [START_REF] Serrano | Micron-scale buckling of SiO2 on Si[END_REF], obtained by:

ρω 2 = αh L k 4 (1.46)
Where ρ is the density of the liquid layer, ω is the angular frequency of the capillary wave of wavenumber k, and α is the effective surface tension of the compressively stressed film. The surface tension proposed by Serrano, surprisingly enough, had a difference between the signs of the initial stress contribution and the wavenumber contribution. We propose here a version for it from the equations of R. Huang and Suo 2002a, in accordance to the model used, thus α is given by:

α = -σ 0 h f - E h f (kh f ) 2 12(1 -v 2 ) (1.47)
In Figure 1.50, the dependency of the effective surface tension on the wavenumber for the both capping layers is given. As it can be seen, the physical sense of it remains only for positive values. The α is 0 at 8.93 µm -1 for the 25 nm thick capping layer and at 4.46 µm -1 for the 50 nm thick layer. To consider the effect of the viscosity, the damping coefficient (γ) is compared to ω. For a a rigid film, the damping coefficient is large, so this damping coefficient assumes the form of (Serrano and Cahill 2002):

γ = 8η ρh L (1.48)
So, the comparison of γ with ω is: 2 (1.49)

γ ω = 8η ραh L 1 (kh L )
By substituting the respective values in the above equation, and considering k = k max , we obtain a ratio of γ ω = 0.13 for 25 nm thick SiO 2 and γ ω = 0.37 for the 50 nm oxide layer. So, the capillary waves give a good approximation for the thinner capping layer, but not so good for the thicker 50 nm one, this last result being different from what Serrano has found. Figure 1.51 shows these values for different wavenumbers. It can be observed that for the 25 nm case not only the ratio is lower, but the regions close to its minimum is wider. The values in this region have also large growth rate s 1 . Therefore, multiple wavenumbers of low ratio of the damping coefficient over the angular frequency with sufficient large growth rates are observed for the 25 nm thick SiO 2 capping layer. This could be an explanation on why multiple modes are observed in the AFM images shown in Figure 1.44. The last remaining step is to calculate the angular frequency of these capillary waves for both cases. The values were of 6.493 × 10 8 s -1 for the 25 nm and 2.302 × 10 8 s -1 for the 50 nm. The exponential growth time for them are 1.54 ns and 4.35 ns respectively. This shows that the melting time (which is around 20 ns) is enough for the semi-conductor layer melt and acquire its forms and is more likely to have shorter amplitudes for the 50 nm thick SiO 2 than for the 25 nm.

The model used here is indeed useful for estimating the fastest growth wavenumber, its growth rate and even the amplitude equilibrium. It also can be used for some considerations on the origin of the wave that forms these structures. However, this model is still one-dimensional and has severe limitations for achieving the behavior in long times. For long times, the solutions of the problem are better obtained by nonlinear analyses.

Huang et al (Z. Y. Huang, Hong, and Suo 2005) performed calculations of a twodimensional nonlinear analyses model of the wrinkling of a stiff material bonded (oxide, metal layer) to a compliant substrate (elastomer) subjected to a compressive membrane force. Although the system is not exactly the same, they undergo similar mechanisms. They observed that the film formed different patterns of wrinkles depending on the field anisotropy of the membrane forces (Figure 1.52). In the case of a circular field, the wrinkles arrange into lines at the perimeter of the circle, herringbones at a distance away from the perimeter, and labyrinths at the center. In the case of the other cases of anisotropy, herringbone pattern could be obtained and by increasing the anisotropy regular lines pattern is obtained. This study is a good example how the nonlinear analyses can provide a more refined analyses of the different 1. State of the art -1.4. Dewetting and wrinkling in metallic encapsulated layers

Dewetting and wrinkling in metallic encapsulated layers

This subsection summarizes the main aspects of each patterning mechanism that was discussed in more details through this chapter.

The system of interest in our study is the patterning of encapsulated metal films by dielectrics under CW laser irradiation. As observed in Section 1.2, dewetting can occur in the capped films, but this means a modification of the mechanism by gas and/or deformation of the capping layer. Another possible patterning mechanism is wrinkling, discussed in Section 1.3. In this case, the capping layer relaxes its compressive stress while creating structures within the capped layer. A summary of the main characteristics of each phenomenon is given in Table 1.2, considering the patterning of the encapsulated metallic film by dielectrics.

The first point is the state of the matter of the encapsulated film. Metallic layers can dewet in the solid or liquid state. Wrinkling is different. It has been observed only in liquid, viscoelastic or viscous materials acquiring the shape of the deformed capping layer. Therefore, the metallic layer must have enough capacity to flow, which is only possible in the liquid state.

The driving forces and the mechanisms of each patterning mode are also different. Dewetting is driven by the reduction of the surface energy of the system. Solid state dewetting can occur through holes nucleation and growth or edge retraction. Hole nucleation and growth also occurs in the liquid state dewetting, but a pathway through hydrodynamic instability is also possible. As for wrinkling, it is driven by the relaxation of compressive stress within the capping layer. As shown in the model in Subsection 1.3.2, the relaxed wrinkled state is achieved by mechanical instabilities of the capping layer coupled with hydrodynamic instabilities of the capped layer.

Then, there is the effect of the capping layer. In the case of dewetting mechanisms, the addition of a capping layer modifies the pathway to achieve the minimum of surface energy. Two pathways are possible: one gas-mediated and another by deformation of the capping layer. In therms of energy balance, the gas-mediated dewetting implies adding the surface energy of the gas to the energy. As in the case of deformation of the top layer, the energy of such deformation is added to the energy balance. In both cases, the main effect of adding a capping layer to the stack is to prevent the dewetting, as an energetic barrier is introduced. The wrinkling mechanism is entirely up to the capping layer. In other words, no patterning is observed without it. The effect of the capping layer thickness on the period of the structures is not something that we found extensively discussed in the literature. The capping layer thickness main effect is to prevent dewetting beyond a certain thickness, in other words, there is a thickness at which patterning of the structures is no longer observed. In addition to it, White et al observed that the particle size slightly decreased as the thickness of the capping layer increased in the case of liquid state dewetting of ultra thin Ni films (White, Behbahanian, Stoker, et al. 2018). In the case of wrinkling, the structures period is supposed to increase linearly with the thickness of the capping layer as long as other mechanical properties remain the same, as shown in Figure 1.42 and through the model in Subsection 1.3.2.

One of the last points is the encapsulated film. The main challenge in proposing a wrinkling mechanism for dielectric encapsulated metal films is that, to our knowledge, no observations of this kind of structures have been reported in the literature. Kline and Leonard described capped metal layers structures that could be considered as wrinkles. They observed that for 500 nm SiO 2 capping layers the structures they obtained after laser melting formed circular droplets or ridge-like structures under the capping layer, which remained largely smooth and intact, just covering these structures [START_REF] Kline | Suppression of dewetting phenomena during excimer laser melting of thin metal films on SiO2[END_REF]. According to their description, it would not be surprising if they observed wrinkling patterns in this case, and not dewetting structures. Other similar situations occurred in the literature, when Giust and Sigmon claimed to obtain new ripples with Si encapsulated by SiO 2 , but in reality, they were wrinkles, as pointed out by Martinez [START_REF] Martinez | Laser Generation of Sub-Micrometer Wrinkles in a Chalcogenide Glass Film as Physical Unclonable Functions[END_REF].

The characteristic wavelength of the structures is also affected by the metallic layer thickness. For dewetting, the effect of metallic layer thickness depends on the mechanism, as described in Section1.2. In solid-state dewetting, the period and size of the dewetting structures are expected to increase linearly with the thickness of the metallic layer if fingering instabilities are taking place. If the solid state dewetting mode is by heterogeneous void nucleation and growth, the dependency of the wavelength on the thickness can be linear or dependent on the distribution of the high energy spots on the samples, which can or cannot be dependent on the thickness. In the liquid state, the dependency also varies with the mechanism. Void nucleation and growth depends on the origin of high energy nucleation sites, which means they may or may not be constant. Finally, hydrodynamic instability depends on a power-law on the thickness with an exponent of 1.5 or 2. All these trends were obtained considering uncapped systems, and how these mechanisms change by adding the capping layer is not clear. Since these length scales are obtained by instability mechanisms, we assume that they have the same dependency in uncapped and capped systems and the only modification necessary is the respective surface energies.

From the results of wrinkling (Section 1.3), the period dependency on the thickness of the metallic layer depends on the stress of the capping layer and on the ratio of the thickness of the capping layer and the encapsulated layer, as shown in Figure 1.46. The exact dependency is not clear. However, the adapted experimental results combined with the thermal model from the work of Martinez showed that period of the structures could increase linearly with the thickness of the encapsulated layer (Figure 1.40).

State of the art -1.4. Dewetting and wrinkling in metallic encapsulated layers

The last point is the patterning. Wrinkles can deliver organized or random patterns. As for dewetting, highly ordered patterns are not obtained, unless if the high energy spots of nucleation and growth of voids are artificially distributed in an organized way.

Finally, it is important to notice that since the driving force for each phenomenon is different, it would not be impossible for both to occur simultaneously. Qualitatively, as the capping layer is relaxing its compressive stress forming wrinkles, new surface is created on the interface of the capping layer and the metallic film. This goes into the opposite direction of the reduction of the surface energy, which is the driven force of dewetting. An equilibrium then would be found in the state that minimizes both the elastic energy of the capping layer by wrinkling and the surface energy of the system by dewetting.

This subsection summarized the main aspects of each patterning mechanism that was discussed in more details through this chapter. Figure 1.5 is an important tool to schematically understand the information presented here and can be used together with Table 1.2 as a reference for the important trends of each patterning phenomena. We will the information given in this chapter to discuss our results hoping to unveil the patterning mechanisms occurring in our system.

Materials and methods

The purpose of this chapter is to present in more details the experimental techniques and strategies used to study the patterning of samples under laser processing. The experimental work was carried out in three steps. First, the experimental work began with sample preparation and characterization of optical and structural properties. Then comes the laser processing step, where the in-situ set-up was designed to analyze the formation of the structures under laser flash heating. Finally, the final experimental step was to characterize the laser-treated samples.
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Overview of experimental strategy

Patterned metallic films can find some interesting applications due to their optical and electrical properties. For example, they can be used as polarizers or even as transparent electrodes, as described in details in Chapter 1. The patterning technique that was studied here is based on the self-ordering of submicron structures upon laser heating. The patterned stack consists of a metallic layer encapsulated by dielectrics layers deposited on soda-lime glass. The aim of this work was to obtain these structures and study them using in-situ methods. In this regard, we present the experimental procedure used in this work. As shown in Figure 2.1, it could be divided into six steps:

1. Glass preparation for thin film deposition (glass cleaning and washing in a clean room environment);

2. Thin films deposition by magnetron sputtering;

3. Optical and (micro)structural characterization;

4. Laser processing of the stacks;

5. During the laser treatment, in-situ experiments (thermal imaging, fast microscopy, optical properties evolution . . . ).

6. After the stack is structured, a set of ex-situ characterizations similar to one performed in step 3. 

Description of sample production and characterization

Sample manufacturing

Glass substrate and its properties

Among the various types of glass commonly used in industry, low-emission optical coatings are typically deposited on "float" glass made by the Pilkington process (Pilkington 1969). In the first step of the process, all-glass raw materials are mixed together and melted at a temperature of around 1500 °C. The mixture is then poured into a molten thin bath, forming a ribbon in which it floats until its temperature drops to 600°C. This process step is why the glass is called "float" glass, which has two distinct sides: one in contact with the atmosphere (the "atmospheric side") and the other in contact with the tin bath, called the "tin side". After reaching a temperature of 600 °C, the glass plate is transferred to a roller at a controlled speed. This step defines the thickness and width of the glass. The glass is then further cooled in a controlled manner to avoid build-up stress and cracking. Finally, the glass ribbon is cut into slices of 6 m length and 3 m wide. This glass has a very flat surface and a high degree of structural flexibility when heated and can be used in mirrors, automotive glasses and glazing.

The "float" glass is mainly composed of amorphous silica mixed with other oxides, such as Na 2 O (12.88 %mol), CaO (10.5 %mol), MgO (3.8 %mol), Al 2 O 3 (0.35 %mol) and K 2 O (0.11 %mol). Due to the variety of species in the glass, some substances may diffuse during the heat treatment process, and vigilance must be raised to avoid loss of coating functionality. This also applies to sputtering, the layers are usually deposited on the atmospheric side to avoid any tin contamination. The "float" glass used in this work was typically 2 mm or 4 mm thick. 

Clean room environment and glass cleaning

Most sample preparation steps are performed in the Saint-Gobain Research Paris cleanroom to ensure the best quality of the samples used. Saint-Gobain's cleanroom environment is close to ISO6, which means less than 35,000 particles per cubic meter of a diameter of 5 µm. In this particular setting, soda-lime glass samples were washed with water and a concentrated surfactant-based cleaner (RBS™) in an automatic washing machine. After washing, thin film deposition was performed on the atmospheric side of these flat glass substrates.

Magnetron sputtering thin film deposition

The different coatings were deposited on the glass surface by magnetron sputtering. Magnetron sputtering deposition technique is one of the most widely used processes in the glass coating industry. The general principle of the sputtering process is based on the following physical mechanism: the collision of incident particles (ions) with target atoms transfers the momentum of these particles to the atoms and ejects them from the target. These atoms then condense on the substrate. Inside the machine, this mechanism occurs as follows: the cathode or target is bombarded with highly energetic ions (eg Ar+) produced by the discharge plasma. The incoming ions collide with atoms on the target surface, removing them, i.e., "sputtering". These atoms can then condensate on the substrate. The collision also releases secondary electrons from the target, which will play a key role in maintaining the plasma (Gudmundsson 2020, [START_REF] Kelly | Magnetron sputtering: a review of recent developments and applications[END_REF].

In magnetron technology, an external magnetic field is applied to the plasma near the target surface, confining electrons to that region. In a planar configuration, as presented in Figure 2.3, the magnetic field is generated parallel to and directly above the target due to the magnet below the cathode. The electrons remain trapped in this region and bounce back and forth in a cycloid-like trajectory until a collision occurs. Trapping electrons in this way greatly increases the probability of atom-electron collisions, resulting in denser plasma. This leads to a raise in sputtering rate, which in turn results in higher deposition rates. The composition, stress and thickness of the deposited film can be adjusted by controlling different process conditions. Some of the key parameters that control this process are briefly discussed below, while more information on these parameters can be found elsewhere (Depla and Mahieu 2008; Sarkar 2014):

• Pressure in the chamber: Increasing the working pressure increases the current at the cathode, thus increasing its potential and, therefore, the sputtering rate.

For too high sputtering pressures, the chamber produces a denser plasma that increases the collisions rate between atoms and ions, reducing the free path of the atoms to reach the substrate. As a result, the sputtering rate is reduced. On the other hand, at an intermediate sputtering pressure, the highest relative deposition rate is achieved.

• Power on the cathode: A higher power at the target provides more energy to the atoms and ions in the plasma. This increases the atomic flux to the substrate. Therefore, an increase in power means an increase in the deposition rate. The properties of the cathode also affect the density and surface area of the film (Wadley, Zou, Zhou, et al. 1998).

• Pre-sputtering: Different pre-sputtering durations affect the cleaning process of the target and the stability of the plasma. In addition, other conditions such as pressure and power also affect the state of the plasma before deposition.

• Speed of displacement of the substrate: The time the substrate is exposed to the plasma and subsequent thickness control is determined by the speed at which the sample is moved. Since these are pilot-scale machines, the speed range is in m/min. Typically between 0.03 to 5 m/min.
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Another fundamental processing parameter is the type of current applied on the target, alternate or direct. The type of current depends on the electrical properties of the target used: direct current (DC) is used for conductive target materials, like metals (e.g. Ag, Al) or doped insulating materials (e.g. ZnO:Al), and alternate current is used for insulating dielectric targets. In the case of alternate current, the use of radio frequency (RF) or DC-pulsed power are the most common. The alternate mode allows the target to eliminate the charges that remain trapped on its surface promoting a constant deposition. Contrarily, the cumulated charges will be too elevated on the surface target, creating repulsion of the sputtering atoms, stopping the deposition.

Layers of different compositions can be obtained by introducing additional gas in the sputtering chamber through a deposition process called reactive sputtering. In this process the reactive gas, usually oxygen or nitrogen, flow into the chamber with the inert gas (Ar). There, the atoms from the target can interact with the reactive gas and form compounds such as oxides or nitrides. The same condition can also be used to enrich targets already oxidised (ZnO:Al) or nitrided (SiNx), and control the oxidation or nitration state of the film.

The transition from metal to a compound deposition is described by an hysteresis curve perceived by multiple parameters, such as the deposition rate, the reactive gas partial pressure in the chamber and the voltage (Figure 2.4). Let us describe the curves following the increase in the flow of reactive gas direction (dashed line). Up to a certain critical flow of reactive gas, the gas is completely adsorbed, so the deposition proceeds as a classical metallic phase without any reaction or significant change. As the reactive gas flow is increased, the reaction with the target surface atoms begins. In this transition region, since the compound is only partially formed, the reaction between the atoms and the gas continues at the substrate surface or during the transport from target to the substrate. As a result, the parameters remain almost unchanged. For higher flows, a sharp reduction in deposition rate and voltage is observed due to the formation of the compound on the target surface. When the compound covers entirely the target surface, called target "poisoning", less sputtering material is available for chemical reaction with the reactive gas, resulting in lower deposition rates. In addition, as the reactive gas is no longer used, its partial pressure in the chamber increases. If the flow of reaction gas is further increased, the pressure in the chamber increases linearly for the same reason. In this flux-increasing region, the deposition rate and the voltage remain constant at their minimum value. Now let us describe the other direction (solid line), in other words, the flow reduction of reactive gas. The deposition rate and discharge voltage remain constant as the reactive gas pressure decreases linearly. This behavior is maintained up to a flow where the compound layer on the target surface breaks. Thereby, deposition of metal atoms occurs, increasing the deposition rate and the voltage and reducing the partial pressure of the reactive gas. In our work, a dielectric layer obtained from reactive sputtering was AlN. This compound is insulating, so the deposition in DC-pulsed mode is necessary. The example of the hysteresis graph of the AlN is shown Figure 2.5. To obtain a general behavior to describe our protocol used we need to define some N 2 flows: C p , W p and M p . The C p flow is the N 2 flow point after which the voltage begins to drop sharply. It indicates the triggering of the reaction of the gas with the surface target. The W p flow point corresponds to a voltage stabilization, in other words, when the target surface is completely covered with a layer of the compound, i.e., it is "poisoned". Finally, M p is defined in the decreasing flow direction. It is the N 2 flow point just before the sharp rise in voltage, where the the compound layer is still stable, but at lower flows it becomes unstable. For flows above W p , there is no risk of interruption due to plasma instability. However, as it will be shown in Chapter 3, depositions were made at N 2 flows close to M p , where the layer of AlN on the surface of the target is no longer stable. The risks of deposition so close to the metallic region is that the target surface will become metallic in the middle of deposition, stopping the sputtering process. Regardless of the magnetron sputtering machine used, the same protocol described below was used for each layer obtained by reactive magnetron sputtering of a metal target. Depending on the desired layer (AlN, SiO 2 , Si 3 N 4 , TiN...), different metal targets and reactive gases were used. The general protocol is as follows:

1. Clean the target until the voltage stabilizes (Plasma of only Ar for a couple of minutes).

2. Set the target at the stable ceramic conditions with Reactive gas flow > Wp (Plasma of Ar and reactive gas for around 2 minutes).

3. Pre-sputter with reactive gas flow ≥ Mp until the plasma is stable (Plasma of Ar and reactive gas for around 2 minutes).

4. Sputter the layer at the N2 flow used in the step 3.

Three different pilot-scale magnetron sputtering machines were used: VMAG (Leybold), LINA 350 (Alcatel) and LINA 400 (Alcatel). VMAG (Figure 2.6) was the main set-up in sample fabrication, and unless otherwise stated, it should be assumed that 2. Materials and methods -2.2. Description of sample production and characterization samples were obtained using this machine. This magnetron sputtering coating line contains 14 targets in 5 vacuum chambers and can accommodate substrates up to 50 cm x 70 cm in size. Most of the coatings were deposited on 30 cm x 30 cm soda lime glass samples. The main process parameters of the VMAG deposited films are presented in Table 2.1. It contains the data of the following layers: Ag, Al, AlN, Al-doped ZnO (from ceramic target), TiN, Si 3 N 4 and SiO 2 .

In order to obtain a stack, it is necessary to know the deposition rate of each layer. To determine their thicknesses, each layer is deposited separately on soda lime glass substrates, which had multiple paint marker lines made on the glass prior to deposition. After sputtering the film, the glass is cleaned with isopropyl alcohol. Isopropyl alcohol will dissolve the line ink and remove the layer on top of the area. This creates a step in the surface, which can be measured with a 2D contact profiler (Dektak). The uncertainty of this technique is ± 3 nm. The calibration is performed on thicker layers (≥ 100 nm). Once the deposition rate has been determined, linear regression is used to obtain the displacement rate needed for the desired thickness. 
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For example, suppose that a 100 nm-thick Si 3 N 4 layer is deposited at a displacement velocity of 0.1 m/min, one wonders what speed is needed to deposit 40 nm of the same material at the same conditions. Figure 2.7 presents a schematic diagram of this situation. Assuming the same sputtering conditions (pre-sputtering conditions, working power and working pressure) as well as the same sputtering zone (l) and deposition rate (D r ), it is easy to calculate the required velocity for depositing the desired thickness. Assuming uniform deposition, the thickness (ε) is the product of the deposition rate and the time of the substrate under this region (t).

ε = D r * t (2.1)
The time t is then defined by the ratio between the size of the sputtering zone (l) and the displacement velocity (v).

t = l /v (2.2)
Since the sputtering conditions are constant, the deposition rate is also constant for each velocity. Using the data given in the example, the required velocity to obtain a 40 nm thick Si 3 N 4 film (V) is:

V = 100 * 0.1/40 = 2.5 m/min (2.3)
Knowing that a 100 nm Si 3 N 4 film is obtained with a displacement velocity of 0.1 m/min, it can be deduced that the speed required to obtain the same film of 40 nm is 2.5 m/min.

By following the experimental procedure described here, we could produce the different samples of this study, in majority metallic encapsulated layers by dielectric films deposited on soda-lime glass. The following section describes the different characterization techniques that we could use on these fabricated samples.
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Optical properties and characterization

Optical characterization of our samples is a key point of our work. To name just a few properties that could be studied depending on their application and spectral range, we find:

• In the widest possible spectral range, the evolution of the different optical properties related to the patterning of our stack.

• In the visible and near infrared range, the optical index of the different materials needed to perform some optical modeling;

• In the near infrared range, the absorption of our samples at different incident angles at the laser wavelengths used in thermal modeling;

• In the mid-infrared wavelengths, the response to the thermal camera wavelength range and emissivity to be used in thermal measurements;

As one can see, we have different optical properties to evaluate in different regions of the spectrum. To meet our needs, different optical measurement instruments were used: Perkin Elmer spectrophotometers and some accessories, a Fourier-Transform InfraRed (FITR) spectrometers, also from Perkin Elmer, and an ellipsometer from J. A. Woollam. This subsection describes these various devices in more details.

Spectrophotometer

In the case of the spectrophotometer three different Lambda models of Perkin-Elmer were used in this work. Two of them are located at Saint-Gobain Research Center (Lambda 900 and Lambda 950), while one is located at the Institut Fresnel, Lambda 1100. These tools can be used to characterize transmission and reflection in UV/Vis/NIR with measurement range from 250 to 2500 nm, with variable step-sizes. The samples size must be at least of 3 cm 2 so that the sample surface covers the entire beam area. The normal step-size used in all measurements is 5 nm. The default settings for the Lambda devices are transmission measurements at normal incidence and 8 °reflection measurements. The Lambda 900 allows only default angle settings, while the other two available Lambdas can be used at different angles, thanks to the Total Absolute Measurement System (TAMS) accessory available at each center. In this regard the TAMS accessory allows the measurement of absolute specular reflectance. Assuming that the surfaces of the samples have perfect specular reflection (R) and transmission (T) of incident light, neglecting scattering, the absorption (A) can be calculated for each angle of incidence as follows:

A = 1 -R -T (2.4)
For measurements at angles different from the normal incidence, the Total Absolute Measurement System (TAMS) was used. The TAMS allow automated angular dependent and absolute measurements of non-scattering samples in reflectance (+/-7.5 to 

Fourier-Transform InfraRed (FTIR) spectrometer

To determine the refelctance and the emissivity of the stacks, required for thermal measurements, samples were analyzed through FTIR spectrometer A Fourier-Transform InfraRed (FTIR) spectrometer is indeed capable of measuring spectral information (reflectance only in our set-up) of samples in the near (2500 nm) to far infrared (45 000 nm). The samples size must be at least of 8 cm 2 so that the sample can be properly fixed in the sample holder. The measurement is fast and can also be used to calculate normal emissivity. For each measurement, the device was re-calibrated using a reflectance standard mirror. The humidity and temperature at which the procedure is performed can affect the accuracy of the FTIR measurement, in our case, the measurements were performed at a constant controlled temperature of 22 °C and below 35% RH. The FTIR spetrometer and the reference mirror are shown below in Figure 2.9 2. Materials and methods -2.2. Description of sample production and characterization

Ellipsometer

Ellipsometry is an optical characterization technique based on the analysis of the reflection of polarized beams. The ratio of the reflection coefficients in polarizations p (electric field parallel to the plane of incidence of light), r p , and s (electric field perpendicular to the plane of incidence, r s , i.e. contained in the plane of the surface where the reflection occurs) is obtained by the ellipsometry angles ∆ (phase difference) and Ψ (amplitude component). The equation expressing this ratio is:

r p r s = t an(Ψ)e i ∆ (2.5)
By analyzing these parameters, the dielectric function of the materials can be accessed with the use of models. In our case, the ellipsometer used was a M-2000XI from J.A. Woollam (Figure 2.10) and the optical responses were modeled using the CompleteEase software (J.A. Woollam). The samples size must be at least of 1 cm 2 so that the sample surface covers the entire beam area. Glass was considered as the substrate, and its optical properties were also measured.

The metallic layers were encapsulated by 20 nm-thick Si 3 N 4 layers in order to avoid oxidation/corrosion and alter the evaluation of the optical properties. These measurement were then adjusted to different optical models, producing the dielectric functions of each material associated with these fits. 2. Materials and methods -2.2. Description of sample production and characterization

Morphological characterization

The different patterns and morphologies obtained were systematically studied by optical microscopy, while some chosen samples were also studied by SEM and AFM.

Scanning Electron Microscope (SEM)

Scanning electron microscopy was used to characterize the different samples before and after laser treatment. This technique can clearly observe the sample surface with a resolution of tens of nanometers. The principle of SEM is to use the interaction of the electron beam and the sample to create an image of the topography and composition of the sample. In fact, the interaction of the electron beam with the atoms of the sample causes the ejection of electrons and other particles by ionizing the atoms. A schematic diagram of the different particles emitted from a sample under electron beam irradiation is shown in Figure 2.11. The SEM used was the SEM-FEG (7600F, Jeol), which has a resolution close to a nanometer in best conditions. The preparation of samples of 1 cm -2 were done in order to facilitate the dissipation of the surface charges, generated by the electron beam, from our insulating samples to the metal support. For this purpose, double-sided conductive carbon pads were attached to the samples. Electrical contact is then made by applying silver paint to create a bridge between the holder and the sample. Finally, a 0.7 nm thick platinum layer was sputtered in a secondary vacuum metallization, thin enough and conformal to not alter the topography of the surface. The sample can then be loaded into the chamber under vacuum. Some of the particles ejected from the sample are secondary electrons that can be collected to obtain topographic information about the sample. These electrons have low energy and short lifetimes, so most of the electrons collected come from the surface. By modifying the applied voltage of the electron beam, a deeper penetration into the sample can be obtained: the higher the voltage, the more energy the electron 2. Materials and methods -2.2. Description of sample production and characterization beam has, i.e. the more energy to the secondary electrons, which means they are deeper removed from the sample. The topographic morphology of the sample can be obtained with two available detectors, SEI (Secondary Electron Imaging) and LEI (Lower Electron Imaging). Their position are different: the LEI is lower on the chamber, which provides better topographical contrast.

Another way to obtain an image of a sample is to collect the backscattered electrons. These are electrons scattered by the sample atoms. They are sensitive to the atomic number of the atoms, thus allowing chemical contrast. They are obtained by the LABE (Low Angle Backscattered Electron) detector or the BSE (Backscattered Electron) detector, in the case of coupled images with EDX.

Finally, the sample can be subjected to EDX (Energy-dispersive X-ray spectroscopy) analysis. The excited atoms can emit X-rays, which can be analyzed to obtain the chemical composition of the sample. The method used allows a very local analysis of the sample, thus establishing a link between the topology and the chemical composition of the sample.

Atomic Force Microscopy (AFM)

Atomic force microscopy has been used to study the nanoscale surface topography of thin films and coatings. This scanning probe microscope uses the interaction of a sharp nanoscale tip with the surface of the sample to obtain its signal. The tip is placed at the front end of a cantilever and as the tip approaches the surface, the Van Der Waals forces deflect the cantilever according to Hooke's law. The cantilever deflection measurements are then performed by a laser beam-deflection method. The laser beam is reflected from the backside of the cantilever and collected by a photodiode array, which records changes in the intensity of the reflected beam. The cantilever is mounted on a piezoelectric ceramic scanner, which can move the sample in the x, y, and z directions by controlling the applied voltage. The scanning area is up to a hundred of microns in the x and y directions, and up to nanometers in the z direction. A schematic diagram of the AFM is shown in Figure 2.14 .

The measurements presented in this work were performed in tapping mode on samples of 1 cm 2 . In this mode, the cantilever oscillates with a constant amplitude at (or close to) its natural resonant frequency. Since the tip is not in direct contact with the sample surface, this mode overcomes friction, adhesion, and surface damage problems. In this mode, the feedback mechanism keeps the tip's oscillation amplitude constant during the surface scan. When the sample is scanned, differences in its topography and chemical composition imply changes in the vibration amplitude. A feedback mechanism can sense and compensate for this change in oscillation amplitude, by appropriately adjusting the tip-surface distance for the different topography and chemical compositions observed. This information is recorded to provide the surface topographic and phase maps, the latter containing composition and density information. 2. Materials and methods -2.2. Description of sample production and characterization

Structural characterizations X-Ray Diffraction (XRD)

The XRD technique allowed us to obtain information of the crystallographic structure of the material. X-Ray Diffraction (XRD) is a non-destructive technique used to determine the structural properties of matter. XRD was used to characterize the crystallinity of Al and ZnO layers in the as-deposited and after laser processing stacks. Different XRD techniques were used to extract (micro)structural information such as internal strain/stress, crystal size and orientation (texture) and they are briefly described in the following of this subsection.

The general principle of XRD technique is based on the interaction between a X-ray beam of a wavelength λ and the sample material [START_REF] Cullity | Elements of X-ray Diffraction[END_REF]. In case of crystalline materials, the crystals are regular array of atoms. These crystals can cause constructive interference phenomenon when the incident X-ray beam hits the sample and is elastically scattered. In this case, a characteristic diffraction pattern is created following the Bragg's law:

2d hkl sin θ = nλ (2.6)
Where n is the order of diffraction (integer), d hkl is the distance between two adjacent crystalline planes belonging to the {hkl} family with h, k and l the Miller indexes, and θ is the angle between the incident/diffracted beams and the involved crystal plane. In this regard, it is possible to obtain the crystalline structure of the sample via d hkl . For a cubic lattice of parameter a (such as aluminum):

1

d hkl = h 2 + k 2 + l 2 a 2 (2.7)
While in the case of a hexagonal lattice (such as ZnO), of parameters a and c along [100] and [001]:

1 d hkl = 4 3 
h 2 + hk + k 2 a 2 + l 2 c 2 (2.8)
In this study, different scattering geometries were combined to analyse the coating (micro)structure :

• The usual θ-2θ or Bragg-Brentano configuration along the direction normal to the stack, called out-of-plane direction;

• The grazing incidence geometry for the analysis of in-plane crystallites;

• The pole figures for the overall texture analysis.

In the θ-2θ configuration, the incident beam and detector are mirrored positioned, with the same angle θ relative to the surface sample (Figure 2.13 left). During the measurement, the sample remains horizontal while the coupled motion of the beam 2. Materials and methods -2.2. Description of sample production and characterization

and detector proceeds at the same speed. The diffractogram obtained presents only the crystallographic planes parallel to the surface. In our acquisitions, the vertical grain size was also obtained thanks to the Scherrer equation (A. Monshi, Foroughi, and M. R. Monshi n.d.):

β D = K λ D cos θ
(2.9)

The grazing incidence x-ray diffraction was used to obtain information about the in-plane crystallites of the film (Figure 2.13 right). In this configuration, the angle of incidence ω of the X-ray beam with respect to the sample surface is fixed at a value ω c (below 2°), close to but larger than the critical angle of the sample. Such condition is important as an incident angle below the critical angle would mean total reflection of the incident beam. A small value of incident angle ensures low penetration of X-rays into the film and provides information about the sample surface with high signalto-noise ratio. During acquisition, the detector moves in the plane of the sample surface, with the same beam incidence angle. In this geometry, only lattice planes perpendicular to the surface can contribute to the diffractogram. 
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Resistivity

The patterning of metallic layers could also affect the electrical properties of the samples compared to their as-deposited state. To evaluate this difference, we could measure the resistivity of the stacks using direct contact techniques, such as four points probe method device (Napson), or non-contact techniques, by the device Nagy.

In the four points probe method, the difference of potential depending on the applied current is measured by the probes and related to the resistivity of the sample through an equation. Each probe has a role in this measurement: the difference of potential is measured by the two inner probes, while the two outer electrodes are injecting the current. Assuming that the conductive layer is small compared to the probe area, and that the probes are equally spaced, the following equation is valid:

ρ = πdV I ln 2 (2.10)
Where ρ is the film resistivity, d is the thickness of the layer, I and V are respectively the current and the voltage of the measurement. In the case of a thin film, resistivity is often replaced by the so-called sheet resistance R □ = ρ d given in Ω.sq -1 . At room temperature, the measurements were made on a Napson 4-points probe (model RT-300/RG-80N.) For the analysis, the metallic tips are mechanically pressed into the layer surface with the help of a weight of 300 g, ensuring the contact with the metallic film below the capping layers. The four probes are positioned in a desired area of the sample, usually corresponding to the center of a laser treated zone. The electrodes are equally spaced at 1.5 mm from each others. The measurements are made with a current range varying between 1 nA and 100 mA. For each sample, the resistivity value represents the arithmetic mean of at least four acquisitions at different locations. 
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The non-contact device used for measuring sheet resistivity was a SRM-14T, from Nagy. In this device, the resistivity is obtained by inductance measurement using a coil located above the sample stage. During the measurement, an electric current is applied to the coil, which generates a magnetic field. When the sample, which is a conductor, is placed underneath, the magnetic field changes, causing the voltage across the coil to change. The measured voltage is directly related to the sheet resistance of the analyzed sample. To avoid edge effects, the sample size for these measurements must be at least 10 cm x 10 cm. It can measure sheet resistance in the range of 0.5 -200 ohms/sq.

Stress measurements

As it was discussed in Chapter 1, the different structures obtained by incoherent mechanisms such as dewetting or wrinkling are affected by the stress on the layers. To evaluate the stress levels of our films, we measured them using the curvature of thin glass. The Stoney formula allow us to relate the stress of a thin layer deposited on a thin substrate to the curvature:

σ f = E s h s 2 6(1 -v s )h f 1 R - 1 R 0 (2.11)
Where E s is the Young's modulus, v s the Poisson's ratio and h s the thickness of the substrate; h f is the film thickness; R 0 and R are, respectively, the curvature radii of the substrate before and after the deposition process (Besnard, Ardigo, Imhoff, et al.

2019).

In our case, the substrate is a 395 µm-thick boro-float glass. They have a Young's modulus of 71 GPa and a Poisson's ratio of 0.22. During the deposition process, the thin glasses are sticked to a glass substrate (Figure 2.15). The thickness of the deposited film can be measured using this glass substrate and the 2D contact profiler Dektak, as previously described in the sputtering Subsection 2.2.1. Since all the properties of the substrate and the thickness of the film are known, the only remaining information for calculating the stress is the radius of curvature. These radii can be obtained from Python data processing of surface profile images before and after stack deposition.

The ZYGO NewView Optical Surface Profiler was used to measure the surface curvature before and after stack deposition. The thin glasses were cut into 9 mm x 13 mm rectangles to fit the field of view of the ZYGO microscope. The samples were then rinsed with isopropyl alcohol and water, and then the Sn surface was marked with ink. A profile picture was taken before deposition. The deposition was then performed on the atmospheric side of the glass and another image was taken afterwards. In order to obtain a representative value, at least 3 different thin glasses must be used by deposit. The principal curvature can be calculated from the Zygo measurements. The principal curvatures in Euclidean space correspond to the minimum and maximum curvature of a surface, sufficient to describe a given surface. The technique here is to subtract the pre-deposition topography image from the post-deposition topography image and find the principal curvature of the resulting topography.

Saint-Gobain developed a specific code in Python to do the complete processing: from Zygo output files to calculate the stress. Details of the code are not shown, but the principles behind it is described here and similar methods can be found elsewhere in the literature (Besnard, Ardigo, Imhoff, et al. 2019).

The topographical map of the difference image between pre and post-deposition image is fitted to the surface:

z = A x 2 2 + B y 2 2 +C x y + D (2.12)
From this equation, the tensor of deformation, given by the matrix M, is obtained:

M = A B B C (2.13)
This matrix is real and symmetrical, and therefore can be diagonalized. Geometrically, this can be interpreted by a simple rotation, a change of vectorial base from x and y to x' and y', as shown in Figure 2.16. The transfer matrix of rotation, R, is then:

R = cos(θ) -sin(θ) sin(θ) cos(θ) (2.14)
While the main curvature's (M ′ 1 and M ′ 2 ) are given in the diagonal matrix M ′ : By having the matrix M' and knowing the angle θ, all the information about the curvature and its anisotropy is obtained. Figure 2.17 shows an example of a sample analyzed using this new method and the calculated surface curvature. The left image shows the mapping of height differences after and before deposition. The middle image represents the fit of a second degree surface to this difference. The right image represents the difference between the measurements (left image) and the model (middle image). The value of the right image should be as low as possible to ensure good reproducibility.

M ′ = M ′ 1 0 0 M ′ 2 (2.
Figure 2.17.: Images of the surface profiles. On the left, the mapping of height difference after and before deposition. In the middle, the surface profile obtained by the python code. On the right, the difference between the subtraction image and the profile obtained by python.
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Wet-etching

Wet etching techniques were used to reveal features of the patterned stack. For the etching process to be effective, the etching solution chosen must have good selectivity. For example, solutions for zinc oxide should not etch the aluminum layers. The etching rates for different layers and solutions were determined for planar monolayers (Table 2 

Description of laser treatment and in-situ experiments

In order to achieve the patterning of metallic layers encapsulated by dielectrics, several lasers were used in this project. The main results of laser-pattern characterization and investigation were obtained using the laser line at Saint-Gobain Research Paris R&D center. The results of in-situ methods were obtained using the custom laser system at Institut Fresnel.

Saint-Gobain laser treatment set-up

The laser of Saint-Gobain research facility is located in its clean room. This laser compound was fabricated by LIMO (Figure 2.18) and is a continuous wave infrared diode laser system (λ = 980 nm) used for laser flash heating treatment of samples. Samples of different sizes up to 30 cm x 30 cm were processed on this laser set-up. The beam is focused on the sample surface with a 11 mm-wide line shape in one direction and a 80 µm-wide (FWHM) Gaussian shape in the other direction (Figure 2.19). The stage carrier system is controlled via command line control and allows the user to set the position and translation speed along both displacement axes. The translation speed is limited to 30 m/min (or 500 mm/s). The position of the laser head and therefore the focus position can also be controlled from the command line. The optical output power is manually controlled on the control panel and can go up to 40.5 W/mm along the line. This laser was used for parametric testing at different speeds and laser powers. The irradiation time is inversely proportional to the scanning speed. For example, as the speed increases, the irradiation time decreases, and so does the temperature reached. Parametric analysis in this case was usually performed at a fixed optical power and at different speeds. Such procedure is called "speed test" and will be largely used in this work. Figure 2.20 shows a typical example of a sample after speed testing. As this laser processing system has a larger production line, it was used to fabricate patterned samples that were optically characterized using ex-situ methods described in Subsections 2.2.2, 2.2.3 and 2.2.4. In this case, the sample is scanned multiple times by the laser line. In each passage, an offset in the perpendicular direction is automatically made to prevent heating of an already laser heated zone. It is important to note that the laser scan direction is a key point in our study and thus is indicated by a red arrow in each figure, and is assumed to be downward by convention if omitted.

Other similar kind's' lasers have been tested at another research center, this time at Compiègne (Saint-Gobain Research Compiègne). This laser line is composed of multiple diodes from 915 to 980 nm. Its power can go up to 49 W/mm along the line. The laser line is, in this case, much wider and can treat samples of more than 30 cm x 30 cm. The Gaussian in the other direction is 50 µm wide (FWHM).
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Institut Fresnel laser treatment set-up

The set-up at Institut Fresnel was built specifically for this project. It consisted of two parts: an optical system for obtaining the irradiation in the desired profile and a mechanical part for moving the sample at controlled speed and position using motorized stages. With these two parts, we were able to reproduce similar conditions of the treatment provided by the ACTILAZ™ laser processing technology and the LIMO laser compound at Saint-Gobain Research Paris. Validation and comparison between the two settings are discussed in a dedicated Subsection 2.3.3 later in this document.

The set-up developed at Institut Fresnel was highly customizable. In these experiments, the set-up could be used to laser-heat a sample using a beam shaped as a line or even Gaussian while a series of in-situ measurements were performed. The laser used was an SPI Ytterbium fiber laser of nominal power of 200 W at the wavelength of 1070 nm. The emitted beam was non-polarized and had a Gaussian shape. The laser could be used in continuous mode or in pulsed mode with the help of a function generator with a peak duration as low as 8 µs.

Set-up

The set-up is presented in the Figure 2.21. The optical system components included: one fiber laser collimator, one reduction lens, one diffractive lens, three mirrors, one cylindrical lens and two beam traps. The laser collimator provides a collimated gaussian beam at the output of the fiber laser. The lenses were responsible for shaping the Gaussian beam at the output of the laser into a line. The role of each lens is described in more detail in the upcoming paragraphs of this subsection. Mirrors were used to facilitate the alignment and transport the beam to the sample. Beam traps were used to capture the beam after reflection and transmission through the sample. A polarizer could be placed after the cylindrical lens to polarize the beam.

The motorized stages controlled the translation of the sample in the two-axis and the focus position axis of the cylindrical lens. To replicate the same level of control available at Saint-Gobain Research Paris, we developed a Python program to control all motorized stages present in the set-up at Institut Fresnel. By controlling the position and displacement speed of each stage, the laser treatment could be started at the desired location with a specific speed and focus position.

Finally, the optical output power was controlled by the laser program. The desired power could be set in the program, representing the value emitted in continuous mode. In some cases, this could be modulated by a function generator device to produce pulses down to milliseconds duration. 

Optical path

The optical path is shown in Figure 2.22: the radiation comes out from the fiber laser collimator and then passes through the afocal system (referred to as reduction lens). This system adjusts the size of the Gaussian beam by reducing its size to match the diffractive optical element. Then, the reduced beam passes through a diffractive lens (top hat beam shaping lens). If the optical path of the laser is long enough (in the far field, usually in the focal plane of the lens), it will convert the Gaussian beam into a square beam. The reflection from the mirrors are then used for alignment purposes and transporting the beam to the sample after passing through the cylindrical lens. This lens shapes the beam into a line focused on the sample surface. After contact with the sample, the incident beam is split into two parts: transmitted and reflected.

Both have their own beam traps to safely absorb the beam's energy. Depending on the configuration, if more space is required, another mirror can be added to redirect the reflected beam to the beam dump. To characterize the lines obtained, a beam profiler WinCamD was used. The Win-CamD is a beam profiler camera with a CMOS sensor that works from 355 to 1150 nm, producing images of 1024 x 1024 pixels, with a pixel size of 6.45 µm. As the laser beam profiler can be damaged by the laser, acquisitions were performed in very low power. Optical densities were placed in front of the sensor of WinCamD and after the cylindrical lens. Usually the power output is low (around 20 W), the laser is in the pulsed mode with peaks every 1 ms with duration of 8 µs. Typical conditions can be found in Annex A.

After the laser conditions for measuring the beam profile were met, the WinCamD was placed at three different positions, as shown in Figure 2.23 with their respective measured profiles: in front of the laser output, after the diffractive lens and at the sample position, with the sensor at a 0°of incidence to the beam. As it can be observed, our final laser line is is far from perfect, as it is not homogeneous. In fact, the set-up was difficult to properly align, and the diffractive optics used were not able to achieve perfect line, in accordance to the manufacturer's specifications. The new custom diffractive optics are the next version of this set-up. Unfortunately, there was no more time to install the line and do some experiments with it by the time this document was written. Therefore, all the studies presented in this work were performed with the inhomogeneous lines described in this section.

Shape characterization

Despite the limitations of the setup, we characterized the beam shape as a function of focus position, which meant varying the translation stage position. In this setup, the position of the cylindrical lens determines the line width. The closer the focal point of the cylindrical lens is to the sample surface, the narrower the line. Taking advantage of this fact, different line widths could be obtained for different focus positions. To measure them, the beam profiler camera (WinCamD) was placed on the same plane as the sample instead, as shown in Figure 2.25.

The missing key now is how to measure a beam profile. In the remaining of the document, the Gaussian beams are sometimes referred to as a function of their full width. The full width is defined as two diametrically opposed points where the intensity value is a fraction of the peak intensity. The distance between these two points is called the full width at that intensity. The most commonly used one is full width at half maximum of intensity (FWHM). Another intensity fraction classically used is the full width at 1/e 2 , or approximately 0.135, of peak's intensity (FW@1/e 2 ). This width can also be called the beam diameter, as it is two times the waist radius (w) of the Gaussian. They are related by the following equation: The dependence of the full width on the stage position was obtained by measuring the beam profiles using the WinCam at a 45°angle of incidence and with a displacement step of 0.5 mm. The results obtained are shown in Figure 2.26, in which it can be seen that the narrowest profile obtained was about 75.3 µm (FWHM)/ 141.5 µm (FW@1/e 2 ). Interestingly for our application, a change in focus position of ±0.5mm resulted in only a 1 µm increase in FWHM. The narrowest Gaussian shape obtained is similar to that found in Saint-Gobain's LIMO set-up. Unfortunately, in this configuration, too much energy is sent to areas outside the Gaussian region, at the Gaussian's "foot" (normalized intensity < 0.1). This can be a source of error when considering ideal beams compared to experimental Gaussian beams in thermal simulations.

F W @1/e 2 = 2w = 2F W H M ln(2) ( 2 
Although a line width in the order of some millimeters was obtained, its homogeneity was limited, as discussed earlier. Figure 2.27 shows an example of the uniformity of the line at a 45°incident angle. These modulations of intensity can be the reason of delamination or even instabilities in the structures observed. The widths of the obtained structures regions and therefore the line widths considered are typically from 1 to 4 mm depending on the laser processing conditions (scan speed and power). Despite these inhomogeneities, this line was representative for the phenomena under study, as it will be shown in Subsection 2.3.3. 
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Power characterization

To calibrate the optical power emitted by the fiber laser, the power was measured using a calorimeter. This calibration was systematically performed prior to a series of acquisitions or laser treatments to ensure correct laser output. The sensor was placed in the position of the transmitted light trap and no sample is present in this configuration (Figure 2.28). Below we describe the protocol used for this calibration. Calibration was performed by entering nominal output power from 20 W to 200 W with a 20 W step in the laser control program. After 60 s of continuous laser irradiation at the selected power on the calorimeter, the corresponding laser power was measured. The relative error of the nominal power was calculated and found to be more than 5%. To reduce this error, two different approaches using linear regression were proposed. The first was a linear regression using all measurement points. Another approach was to perform linear regression at each measurement interval. In the following results, the first method is called "global calibration" and the second method is called "interval calibration". To estimate the error of each calibration, another power measurement was taken. In this case, the values were slightly different from those used previously to avoid a perfect match with the "interval calibration" method. Using the same 60 s continuous laser irradiation procedure, the values were measured and compared to the values obtained from each method.

The relative error results for each calibration are shown in Figure 2.29. They pointed out that "interval calibration" is the one that reduces the relative error the most. The average relative errors are: 1.4% for "interval calibration" and 4% for "global calibration", which also confirms that "interval calibration" is the best method proposed here. The "interval calibration" method was systematically used before each series of measurements. The protocol was then:

1. Measure the effective power of the "nominal power" from 20 W to 180 W, with a 20 W step.

2. Perform a linear regression in each interval to obtain the calibrated power from 20 W to 180 W.

3. Use this "interval calibrated" power as the power in the testing series.
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Comparison between both set-ups

The set-ups at Institut Fresnel and Saint-Gobain research facility were different, as summarized in Table 2.3. To compare both set-ups, the stacks extensively studied in detail in Chapter 3 were processed with each laser line. Although the laser wavelength, incident angle, and linewidth were different for each setup, the patterns obtained for both were identical (Figure 2 After validating the setup at the Fresnel Institute, we could start developing insitu experiments, as the results obtained were also representative of the patterning mechanisms occurring in other set-ups. In the following sections, the set-up used for in-situ thermal data acquisition (Subsection 2.3.5), in-situ fast microscopy (Subsection 2.3.4) and in-situ optical property evolution (Subsection 2.3.6) will be described. 2. Materials and methods -2.3. Description of laser treatment and in-situ experiments

In-situ methods: Fast microscopy

To gain more information about the patterning phenomena that are taking place, with the intent of gaining more information on the time scale of the phenomena, a specific set-up using a microscope and a fast camera was developed (Figure 2.31) to observe the patterning in real time. The fast camera supports recording at over 1400 frames per second (FPS). The microscope is positioned perpendicular to the sample plane, allowing acquisitions of the sample surface during laser heating in the order of tens of microns. In the following of this subsection, we will study in more detail different aspects of this set-up. The setup is composed of a fast camera along with a microscope mounting and a filter to avoid damaging the fast camera sensor. The long distance objective of the microscope had to be properly focused on the sample surface to obtain a sharp image. Two objectives could be used: 10x and 20x. The pixel size corresponding to these objectives could be readily measured, since we could track the displacement of a particle across the translation stage and also on the microscope image.

Rotational stage

The sample surface and the displacement axis of the translation stage must be as parallel as possible to ensure the best image quality for the maximum duration in the recording. The situation where there is an angle between the sample position and the stage is shown in Figure 2.32. At first, the camera indicated there is focused on the surface of the sample, which is marked by the point f. Taking into account the displacement (l), the angle between the sample and the stage axis (θ) defines the focus loss (d). As it can be seen from the equation, the loss of focus is time dependent when moving at a constant speed. So the more the recording progresses, the more defocused does the acquired image get. Similarly, the smaller the angle θ, more 2. Materials and methods -2.3. Description of laser treatment and in-situ experiments focused is the acquired image in time. In this case, the defocus limit is due to the inherent deformation of the sample. To ensure a minimum angle between the sample surface and the displacement axis, a rotational stage has been added to our set-up. Using a laser pointer and the WinCam D, it was possible to measure the displacement of the reflected beam due to sample movement, as shown in Figure 2.33. By always moving the sample the same distance (L) and keeping the incident angle of the pointer the same, the displacement of the reflected beam (d) is affected only by the angle between the sample and the stage. Using then the sinus law on the triangle presented in the Figure 2.33, it can be shown that:

d ∝ L * sin θ (2.17)
Therefore, the minimum value of beam displacement means zero angle between the sample and the stage, which ensures that the sample is parallel to the stage. As already mentioned, there is always a small displacement due to the intrinsic deformation of the sample. 

Frames per second

A main parameter of this kind of acquisition is the number of frames captured in one second. Frames per second is the inverse of the time between each frame. The time between frames is referred to herein as acquisition time. This time is then based on the exposure time and digital processing time for processing and storing the image and any additional delays set by the operator. Typical exposure times are around 105 µs and recording times are around 693 µs. As the exposure time are so small, the light source must be strong enough to obtain images within such duration.

Speed limits

The size of the structures determines the limit on the displacement speed for a given exposure time. If the particle size distance is completely covered during exposure, the image obtained will be blurry because there is no distinction between individual particles. In this example, the smallest particle size is about 2 µm and the exposure time is about 100 µs. So the speed limit for this process is about 20 mm/s. The speed limit also increases with the size of the structure.

Patterning front and displacement stage oscillations

In the first recordings, pattern front oscillations could be observed. These boundary oscillations raised questions about the origin of such phenomenon, whether it is related to the patterning mechanism or not. Further research linked these oscillations to the oscillations of the stage used. These acquisitions confirmed that the patterning front does not oscillate due to patterning mechanisms at that timescale. Figure 2.34 illustrates this phenomenon. The translation stages used in the setup were Zaber's motorized linear stages X-LSQ150A and X-LSQ150D. These motorized stages have fairly accurate speeds over long distances, but can experience significant oscillations when moving short distances or making frequent measurements. These oscillations are present even when trying to move at a constant speed. They affect the patterned areas in the larger picture, as shown in the ex-situ microscope image in Figure 2.35. In in-situ microscope images, they are even responsible for the oscillations of the dewetting front zone. The speed accuracy of such stages depends on the position accuracy of the device and the accuracy of the controller timing. The controller timing is managed by a microcontroller and is orders of magnitude more precise than device positioning. Therefore, the speed accuracy of such stages are mainly determined by the position accuracy.

The position error is inherent to the motorized microstepping stage. These oscillations are due to the attractive force of the magnets within the motor and therefore depend on the pitch leadscrew of each stage model used. A finer pitch leadscrew results in shorter oscillation periods and amplitude oscillations. The amplitude oscillation depends on the microstepping error (which is also dependent on the pitch leadscrew). Finally, the microstepping accuracy of each stage is responsible of position accuracy and, therefore, the velocity accuracy. Typical microsteping accuracies for the stages used are given in the Annex A.

In the case of very low velocity displacements (in the order of ten microsteps per second or less), this position error will significantly affect the velocity accuracy. The device is half a step slower than the target speed setting (half of the stepsize of the stage), then faster than the target speed in the other half. The X-LSQ150A stage has a microstep of 6.35 µm, as X-LSQ150D has a microstep of 127 µm. Knowing the microstep size (d) and velocity (v), the oscillation period (T) is:

T = d /v (2.18)
Finally, after introducing the theoretical background, we can deep into the obtained results using this set-up. As described in this subsection, we acquired the position of individual particles during a displacement at constant speed. The displacement between each frame is obtained by tracking its position on each frame. Since the time between each frame is known, displacement rate, or speed, between each frame could be calculated. The time interval between each selected frame was of 0.7 ms. The error associated with this measurement was calculated under the assumption that particle tracking could have an error of 1 4 of the particle size, according to the particle size in each frame.

To simplify the notation, the stage X-LSQ150A will be referred as stage A and X-LSQ150D as stage D. Figure 2.36 shows the oscillation measured for each stage at speeds of 20 mm/s and 5 mm/s. It can be seen that for the stage with larger microstep (stage D), the oscillations have larger amplitude and period. For a target velocity of 20 mm/s, the oscillation amplitudes were estimated to be approximately 27 mm/s (stage A) and 3 mm/s (stage D). At 5 mm/s, the amplitude was about 17 mm/s for the larger step stage and 5 mm/s for the smaller. These results showed that the oscillations amplitude are not only dependent on the microstepping size, but also on the velocity.

Since the speed of the stage A is limited to 20 mm/s, this stage was used to obtain structures below this speed. For higher speeds, the stage D was preferentially used as it can reach 1000 mm/s. These results also explained why the obtained recording presented oscillations on the patterning front. These oscillations are not related to the patterning mechanism, but to the stage used to move the sample at a constant speed during laser processing.
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In-situ methods: Thermal imaging set-up

As presented in the last Subsection 1.4 of Chapter 1, different structuring mechanisms may occur depending on the temperatures reached during laser processing. To study the temperature evolution in-situ, we adapted our setup at the Fresnel Institute for thermal imaging during laser heating. This set-up will be introduced and discussed in this subsection.

Principle of infrared thermal measurements

Traditional vision cameras capture visible light reflected back from objects, seen by detectors, and converted into images. Thermal imaging cameras acquire images from radiation emitted by objects. In this context, the concept of emissivity is important. Emissivity defines the infrared emission of a surface compared to a black body. In other words, if two objects with the same physical temperature have different emissivities, they may not display the same infrared energy. For example, for a given preset emissivity value, surfaces with lower emissivity appear cooler and surfaces with higher emissivity appear hotter.

Thermal imaging sensors have the ability to detect the radiation emitted by an object and convert it to a certain level of radiation (radiation counts). Emissivity is the value that allows the thermographic camera to convert radiation values to temperature values using a calibration curve made on a blackbody source (emissivity is close to 1).

So, presenting the equations, the blackbody radiance (W/sr/m 2 ) is expressed by the Planck's law at a given wavelength and a given temperature as:

L 0 λ,T = 2πhc 2 λ 5 (e hc λB k T -1) (2.19)
In which, h is the Planck's constant, c is the speed of the light, B k is the Boltzmann constant, T is the temperature and λ is the wavelength.

Emissivity is defined as the ratio of the radiant emittance of a surface to that of a black body at the same temperature as the surface. For an object of emissivity ε, it can be written:

L λ,T Ob j ec t = ε * L 0 λ,T Bl ackbod y (2.20)
The camera measures the radiation reaching the sensor. The radiance perceived by the camera comes from three different sources:

• Object contribution: The radiant emittance of the surface measured, that is then attenuated by the atmosphere.

• Environment contribution: The radiance that comes from the environment (considering it a unique equivalent blackbody) and then reflected on the surface of the object. Then this radiance is attenuated by the atmosphere.
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• Atmospheric contribution: The atmosphere is not fully transparent. This means that the atmosphere does not only absorbs the radiation, but also emits.

In this case, the radiant emittance measured can be described as:

L measur ed = τ at m εL T ob j + τ at m (1 -ε)L T env + (1 -τ at m )L T at m (2.21)
Since the camera delivers radiation counts value as the measured parameter, the equation can be slighted modified:

C ount s measur ed = τ at m εC ount s T ob j + τ at m (1 -ε)C ount s T env + (1 -τ at m )C ount s T at m
(2.22) Since in our case the camera is very close (< 3 meters) to the measured object, atmospheric attenuation can be neglected (τ atm = 1). In the temperature range studied, our set-up does not have any other relevant source of radiation, so with this the contribution of the environment could also be neglected. The equation then becomes:

C ount s measur ed = εC ount s T ob j

(2.23)

The counts were then correlated to temperature through a calibration curve for each temperature range. Figure 2.37 shows an example of a graph related to temperature and radiation counts. This calibration curve is given for the same measurement conditions (atmospheric transmission, lens, working distance, emissivity, etc.) and reprocessed according to the integration of Planck's formula, weighted by the detector's power response and any other available spectral response. Some cameras are also capable of using custom calibration curves with customized temperature ranges. 

Specifications of the camera used

Before entering into the specifications of the camera used, a brief description of the terms that will be discussed is given below:

• Temperature range: The temperature range is the span of temperatures that the camera is calibrated to measure. Outside this range, the temperature pixel is given as saturated and the temperature in that region is not known.

• Field of view (FOV):

The field of view is the extent of a scene that can be seen by the camera and from what distance this is determined. It is defined by the camera lens.

• Infrared resolution: It is the total number of count of pixels in the digital image produced by the camera. A higher pixel resolution is very interesting to obtain more details on the infrared acquisition.

• Thermal sensitivity: The thermal sensitivity, also called noise equivalent temperature difference (NETD), is the smallest temperature difference perceived by the camera. It characterizes the thermal resolution of the thermal acquisition.

• Focus: Focus is necessary for an accurate temperature measurement. The camera can have an autofocus function which help to get the image correctly focused, then a fine adjustment can be made by manual focus.

• Spectral range: The spectral range is the range of the wavelengths that is detected by the camera. Midwave range cameras usually work in the 3 µm to 5 µm spectral range, while longwave cameras are designed to operate from 8 µm to 14 µm spectral range.

The thermal imaging was done using an infrared thermal camera developed by FLIR. The FLIR X6901sc infrared camera (Figure 2.38) is a high performance infrared camera working in the middle infrared from 3 µm to 5 µm. The camera is placed at 90°angle with respect to the surface of the sample. In the acquisitions, a 100 mm focal length objective associated to a 1-inch extension ring was used. The spatial resolution is therefore 69 µm by pixel for an acquisition window of up to 640 pixels x 512 pixels. Depending on the size of the acquisition window, the acquisition rate can be set up to 3000 Hz. Windowing in the horizontal direction does not affect the frame rate. On the other hand, the window height defines it: the smaller the frame height, the higher the frame rate acquisition allowed.

The camera can acquire images thermally calibrated from -20 °C to 3000 °C. Different calibration temperature ranges are available, according to neutral-density filter used (Annex A). The typical thermal resolution of this camera is 0.1 °C.

Temperature range and Superframe mode

An accurate temperature measurement is ideally obtained from lower to higher temperatures. The presence of details in an image is directly correlated to a good contrast in it. The contrast depends on the extent of the temperature range: the larger the length, the worse the contrast. However, if the temperature difference from the lowest temperature to the highest temperature is too large, a wide temperature range including both extremes is required. Otherwise, pixels outside the range temperature will saturate, affecting measurement quality.

In this study, the sample could go from room temperature (around 20 °C) to temperatures above 600 °C in the same acquisition. Therefore, to properly describe the 2. Materials and methods -2.3. Description of laser treatment and in-situ experiments development of heat distribution over time, a wide temperature range is important. The temperature variation during the same acquisition period is too large to be obtained by a single temperature range. In the case of a temperature range that could operate in this range, the contrast would not be optimal. For example, for a given set of laser processing parameters, where the sample will be heated from 20 °C to 300 °C, two temperature ranges are required, 35 °C to 150 °C and 150 °C to 350 °C. Ideally, the images of each temperature range would need to be combined to get all the information about the temporal and spatial temperature distribution. Fortunately, the infrared camera used had this mode.

Superframe mode is a recording mode developed by FLIR in which the camera acquires consecutive images (called subframes) using two or more temperature ranges. The images are then algorithmically combined, resulting in high-quality images (superframes) with all the details. In the end, the resulting image has both high contrast and a wide temperature range.

This mode works by first defining the temperature ranges desired, that is, the temperature range for each subframe. During acquisition, images for each temperature range are acquired continuously at a very fast rate and then merged into a single superframe. The algorithm for generating a superframe image is simple: it starts with the first subframe captured. For each pixel, the algorithm looks to see if the pixel is saturated. If that pixel is satisfactory, it will stop there. If the pixel is saturated, the algorithm selects the corresponding pixel from the next subframe and checks its suitability. Finally, the algorithm takes the most accurate value in each frame. Figure 2.39 shows the final image obtained using a superframe mode. For most of the acquisitions in this study, the images were measured in superframe mode, which justifies the wide temperature range represented in the images.
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Spatial resolution and extension rings

Extension rings could be used to increase the spatial resolution of the image. The effect of each ring on working distance, spatial resolution, and field of view is shown in Table 2.4 below. Although the rings allow a better spatial resolution, this comes at a cost. Extension rings creates a vignetting effect, which can lead to measurement errors. By using this ring, the region of interest should be carefully centered in the camera sensor to reduce vignetting effects. Since structures could be obtained on the scale of several micrometers, the ring that provided the best spatial resolution was chosen. The vignetting effect of a 1-inch extension ring, the one chosen, can be limited to a 40 pixel radius circle centered on the center of the sensor. In this case, this area guarantees that the effect signal loss is less than 5%. The pixel size using this ring is 69 µm, which represents a circle with a radius of 2.76 mm in the captured image, with an error of less than 5% 

Dynamic line beam set-up and its limitations

The first acquisitions were made using the line beam with the sample moving at a constant speed in a configuration similar to that shown in Figure 2.21 in the Subsection 2.3.2. Under these conditions, a series of parametric tests were performed varying the power and speed of the treatment. In this case, an important technique of analysis is to obtain the temperature distribution on a horizontal line passing through the maximum temperature at the frame. This centering is important to prevent the effects of laser inhomogeneity on temperature. By using this technique, a temperature distribution over distance is obtained (Figure 2.40).

It is necessary to consider the limitations of the measurements in this configuration. First off all, the effect of pixel on the temperature distribution. Different extension rings were used to analyze the effect of pixel size on the temperature distribution under the same laser processing conditions on the same sample. As can be seen in The optics of a thermal camera have limitations in how the sensor perceives objects and create their image. With the optical system described here, the spatial resolution used is insufficient to measure the peaks correctly. Furthermore, given the pixel size, the temperature peaks are very sharp, which limits the camera's potential to observe the peak temperature correctly. To address this, three approaches can be employed, either reducing the sharpness of the peaks and/or increasing the resolution of the peaks: first, increase the spatial resolution of the camera, second, obtain a larger width and third, shape the beam as shape other than a line, thereby reducing its sharpness, i.e. a Gaussian beam shape.

Since the configuration used already had the maximum spatial resolution available using the 1-inch extension ring, a combination of the other two methods was chosen. The set-up proposed to address this issue is described below, but in short the beam has had its shape changed to Gaussian to reduce its sharpness, and is more than 10 pixels wide, to increase the peak's resolution.
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Static Gaussian beam set-up

This set-up configuration was designed to accurately measure the temperature at its peak on the sample. In this case, only the beam collimator and mirror for turning the beam are present, as shown in Figure 2.41. Therefore, the beam is shaped as a wide Gaussian beam hoping that the number of pixels is sufficient to correctly describe the peak temperature. This time the beam was too large to be measured with the WinCam D used for line characterization. Instead, beam shape characterization was performed using Beamage 4M (Gentec-EO) beam profiler camera. This beam profiling camera has a CMOS sensor that operates from 355 nm to 1150 nm and produces a 2048 x 2048 pixel image with a pixel size of 5.5 µm. The measurements made are shown in Figure 2.42. As can be seen, the beam is very close to a Gaussian beam of size FW@1/e 2 of 4.980 mm (FWHM = 4.230 mm). However, the beam is still not a perfect Gaussian, since the peak of power concentration is slightly shifted from the Gaussian center. 

Data post-processing

Although some analysis could be performed using the program developed by FLIR, the large amount of data obtained (over 1000 thermal acquisitions) makes it more suitable for automated analysis. In this case, a Python code was developed to analyze the collected data. This makes it possible to analyze the location of peak temperatures, track regions of interest, and even reprocess the data with new parameters such as emissivity. Also, the task is easier than retreating each file individually when a new data manipulation is necessary. The first key information to correlate is the maximum temperature reached during acquisition. The data obtained is a file consisting of different frames with a time interval between them. To analyze the evolution of temperature over time, the following simple algorithm was used. For each frame, locate the pixel with the highest temperature and store its value. Then, when the time interval between each frame is known, the evolution of maximum temperature over time can be obtained (Figure 2.43 left).

Another aspect concerns the spatial distribution of peak temperatures. In this case, the temperature distribution along the horizontal line is obtained. This horizontal line passes through the pixel where the highest temperature is detected, allowing a spatial analysis of the heat distribution (Figure 2.43 right). While automating the processing of files allows a faster data analysis, it is important to estimate the time necessary for it. Using a standard Intel Core i5 (2.40 GHz) with 8 GB RAM memory, the processing time per file is about 4 minutes. Even short, sometimes obtaining an estimation of the temperature immediately is important, for instance in the case of analyzing other values of emissivity.

In the case of reprocessing the data using a new emissivity value, in our operating conditions, a dependency close to ( 1 ε ) 3 was found, which allowed us to easily estimate a new set of measured temperatures and emissivities from a known measured value. Suppose the measurement is made with emissivity ε 1 and the pixel has a value of temperature T 1 . Then, the new value of temperature T 2 according to the new emissivity ε 2 could be estimated by:

T 2 = T 1 ( ε 2 ε 1 ) 1 3 
(2.24)

As one can see in Figure 2.44, this simple equation works for the temperature range and conditions used.

Another important aspect is the measurement error. Based on the emissivity error used, the temperature error is given by the following equation:

∆T ≈ λ C 2 T 2 ∆ε ε ≈ 3.10 -4 T 2 ∆ε ε (2.25)
Where λ is the wavelength, C 2 is the second Planck's constant (14 388 µm K), ε is the emissivity and T is the nominal temperature. As one can see, the error increases with the square of the temperature. With all these results, thermal data can be correctly determined and used to obtain the reached temperature of our samples during laser processing. Thus, giving good indications of the phenomena allowed considering the temperature range of each mechanism, as shown in Subsection 1.4 of Chapter 1.
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In-situ methods: Optical properties evolution during laser heating

In order to correctly obtain the temperatures reached during laser treatment, it is important to estimate the evolution of optical properties (transmission, reflection and absorption) during laser treatment. A new setup was developed that uses an 850 nm light source to illuminate a laser spot, and an 850 nm filter, microscope, and fast camera to acquire images. The wavelength of the light source was determined by two aspects. First, its wavelength must be below 1 µm for the camera sensor to detect it. A second point, the wavelength of the light source should not be the same as the wavelength of the laser, but should be close enough to represent the change in optical properties at that wavelength as closely as possible. Furthermore, in addition to laser heating, low power of the light source is necessary in order not to heat the spot, but provide enough illumination to obtain the images.

The principle of image processing is simple: knowing that the image captured by the camera is a matrix of different intensities of gray values, it is possible to plot the evolution of the values of this matrix during laser heating. Therefore, an image (I (t) ) is available for each instant of time (t). The first step is to obtain pictures before the laser treatment. This image is called I 0 . In order to properly account for environmental influences and noise in the grayscale values of the image, the calibration is also performed using the image with the light source turned off. This image is called I b . Therefore, for each instant of time that there is a measurement, the relative time evolution of the matrix (I rlt(t) ) can be obtained by the following formula:

I r l t (t ) = (I (t ) -I b ) -(I 0 -I b ) I 0 -I b (2.

26)

This technique not only allows to obtain information about the evolution of properties over time by tracking the highest energy point. It also allows us to study the spatial distribution of optical properties, as the light spot has a Gaussian shape. It is also possible to assign different regions to structured regions by post-mortem analysis of the samples. The technique is also well suited for studying the evolution of reflectivity and transmittance during laser treatment.

2. Materials and methods -2.4. Summary

Summary

In this chapter, we presented the experimental set-up used in this work. This chapter started with the methods used to produce the samples by magnetron sputtering and the characterization techniques used on the samples to obtain their structural and optical properties. This work was mainly carried out at Saint-Gobain Recherche Paris, one of the R&D centers of the Saint-Gobain group. The exception is the absorption values at 45°(Subsection 4.3 of Chapter 4), which were obtained by reflection and transmission measurements using the Lambda 1100 with the TAMS accessory available at the Institut Fresnel.

Then, we described the different laser set-ups used to process the samples: one at Saint-Gobain Recherche Paris (commercial equipment) and one at Institut Fresnel (equipment developed in the laboratory within the framework of this thesis). The two set-ups were compared and we confirmed that the structures obtained were identical whatever the equipment used. With this result, we could develop the in-situ methods at Institut Fresnel with the confidence that the results are representative of the structuring mechanisms occurring during laser patterning on other set-ups.

Finally, this chapter ends by presenting the in-situ methods developed at Institut Fresnel. The fast microscopy method (Subsection 2.3.4) was used in different samples (15 nm and 30 nm of Al encapsulated by 40 nm of Si 3 N 4 ) and confirmed that the timescale of the structure formation is under 1 ms.

The thermographic measurements (Subsection 2.3.5) were first used in the laser line configuration and we could not obtain enough spatial resolution to describe the temperature peak in this configuration. This motivated the change in the configuration to a static large Gaussian beam (FWHM = 4.23 mm), in which case spatially and temporally resolved temperature measurement could be obtained with high accuracy.

Finally, the set-up to evaluate the optical properties evolution during laser heating was developed and the data of different samples was obtained. However, due to lack of available time, these results are still to be exploited.

Patterning metal/dielectric stacks by laser processing

This chapter shall present the laser-induced structures and the impact of each component of the stack: bottom layer, metallic layer and capping layer. We start with the investigation on the impact of the material and thickness of the metallic layer on patterning. For this, the structures were analyzed using optical microscopy and SEM techniques. In addition to it, some wet etching experiments were conducted on these structures in order to gain more information. In these sections, the results presented are given regardless of the laser processing and encapsulation conditions.

The following sections then will present the impact of encapsulation conditions on the structures, using the same methods as before. 

Chapter content

Introduction

The goal of this research was to obtain and study the patterning of metallic thin films encapsulated by dielectrics deposited on soda-lime glass (Figure 3.1) upon laser flash heating. In this regard, we observed the impact of each part of the stack on the structures at fixed laser processing conditions of beam shape and wavelengths. The fixed laser processing conditions explored in this part are the ones related to the LIMO laser set-up available at Saint-Gobain Research facility. As described in more detail in Subsection 2.3.1 of Chapter 2, it is a continuous wave infrared diode laser system (λ = 980 nm) with a beam shaped as a 11.6 mm line in one direction and a Gaussian of 80 µm (FWHM) in the other direction. The optical power output could be raised up to 40.5 W/mm along the laser line. As for the scan speed, it could go up to 30 m/min (or 500 mm/s).

In this chapter, not all processing conditions of the images are given in the description, but a list relating each image to power and speed conditions for every images can be found in Annex B.

We explored different laser processing conditions through parametric tests, mainly related to scan speed. In this case, the procedure was to fix the power of the laser line (usually higher than 25 W/mm) and then test different speeds. The surface of the sample was then systematically observed by optical microscopy. This protocol is hereinafter referred to as the speed test.

Optical microscopy observations allowed us to define three regions in a sample that could be patterned: non-patterned surfaces, patterned surfaces and surfaces with delaminated regions. Ideally, a parametric test would give us the speed range for each region. The regions obtained at higher scan speeds are the regions where the sample surface remains the same as its as-deposited surface. The scan speed can then be reduced to a speed threshold at which the patterned area of the sample surface appears. If the scan speed is further reduced, delamination may occur in the sample, being initiated by cracks in the film. Some observations could also be made with the naked eye (Figure 3.3). For most samples, the patterning of the thin film is obvious, as this represents an increase in transmittance compared to the as-deposited surface. Furthermore, the patterned regions show distinct characteristic diffraction patterns. Delamination can also be easily seen when the layers begin to peel off from the sample. Nonetheless, viewing a sample with the naked eye is a very subjective criterion, so optical microscopy remains our primary method of analyzing samples. As it can be seen from the naked eye photos, the optical properties of the samples also change with patterning. These changes were evaluated by optical characterization of some samples in their as-deposited state and after laser patterning using the methods described in Subsection 2.2.2 of Chapter 2. For example, the changes in reflection, transmission, and absorption of a sample are shown in Figure 3.4. It can be seen that both the transmittance in the visible range and the absorbance in the infrared range of the sample are greatly increased after structuring. These changes will be examined in more detail later in this document. Finally, with basic laser processing methods and experimental procedure of characterization set, we can begin to study the effects of materials on patterning. The sample consists of a glass substrate, a bottom dielectric layer, a metallic layer, and a capping dielectric layer. In this chapter, the substrate was a 4 mm soda-lime glass, the properties of which were described in Chapter 2. A discussion on the substrates and their role is presented later on this thesis. So, the remaining parts to be studied are: bottom layer, metallic layer and capping layer. Each layer was investigated by varying its thickness and nature of deposited material, and in some cases even sputtering conditions, as detailed in the end of this chapter. We will start with the metallic layer in the next subsection.

Metallic layer

The most commonly used coating metal in the glass industry is silver, and during the development ACTILAZ™, a team of researchers from Saint-Gobain discovered the patterning of this metal under specific encapsulation conditions (Palacios-Laloy 2016). However, the patterning of Ag has some limitations as it will be introduced in the next subsection. We then proceeded to test other metals to determine if one could overcome such limitations (Subsection 3.2.2). As Al emerged as the best candidate, we studied the impact of it thickness on the patterning (Subsection 3.2.3).

Silver structures

Before entering in our results, let us recall the silver laser patterning that was obtained under the same laser processing conditions as the ones used here. Silver was the first metallic layer discovered that could be laser structured encapsulated by dielectrics. As described in the patent (Palacios-Laloy 2016), the encapsulation conditions were made of different dielectric materials (Figure 3.5). The structures were obtained using a different laser set-up than ours, namely the one at Compiègne (Subsection 2.3.1 of Chapter 2). This set-up is an assembly of multiple diodes raging from 915 nm to 980 nm, in the form of a line in one direction and a 50 µm wide (FWHM) Gaussian in the other direction. The encapsulated silver layer could be patterned and obtained in different morphologies depending on the laser processing conditions (Figure 3.6). With laser power of 49 W/mm, silver lines were obtained at speeds between 13 m/min and 11.5 m/min. For speeds of 11 m/min or less, silver organized islands could be obtained.

These islands (Figure 3.6(b)) were elongated in the laser scanning direction: they are around 1.2 µm wide in the laser scan direction and 0.7 µm in the perpendicular direction. The periodicity in the laser scan direction was around 2.1 µm and 1.9 µm in the perpendicular direction. For the lines (Figure 3.6(a)), they have a periodicity of 1.1 µm, with lines around 0.5 µm thick.

These results were very interesting, but very difficult to reproduce. A couple of years later, similar encapsulated stacks were tested with the idea to obtain the patterning of the silver layer. These samples were produced in the Lina 350 sputtering machine and processed using the LIMO laser set-up. In most of these samples, delamination usually occurred simultaneously with the patterning phenomenon (Figure 3.7). Although we could obtain similar patterns, we could not control their morphology, which made the study of these patterns complicated. 3. Patterning metal/dielectric stacks by laser processing -3.

Metallic layer

We also performed some SEM investigations on similar samples as those shown in Figure 3.7. This time, the sample was patterned at a speed of 4 m/min, differently from what was obtained before. Figure 3.8 shows the images of this sample, where lines of Ag are observed as well as delamination. These lines are straight, but not perfectly continuous as some dark grey regions are present in the middle of them, indicating regions with less Ag.

These lines are around 0.65 µm thick, with a periodicity of 1.1 µm, and have regions without Ag in it, as some dark gray areas are present in the middle of them. The period of the lines obtained in Figure 3.8 was very similar to the obtained in patent (Figure 3.6(b)). However, cracks were observed with a distance ranging from 60 µm to 90 µm between them. 3. Patterning metal/dielectric stacks by laser processing -3.2. Metallic layer

Other metals

The first test compared different metallic layers of different thicknesses to examine their effect on patterning. Different metals where chosen based on their different melting temperatures and target availability in the sputtering machine (Table 3.1). The metals chosen were: Cu, Ge, Sn and Al with varying thicknesses of 30 nm, 60 nm and 100 nm. They were systematically encapsulated with 40 nm of Si 3 N 4 (bottom layer) and 15 nm, 30 nm or 60 nm of Si 3 N 4 (capping layer). After fabrication, each sample was subjected to laser processing to obtain patterned layers or delamination.

Examples of the structures obtained for all metals are shown in Figure 3.9. The as-deposited Sn samples were very sensitive to touch, which means that the entire layer could peel off upon touching. Even with this low adhesion, some patterned tin films could be obtained. The results are displayed in Table 3.2. For tin, each sample capped with 60 nm of Si 3 N 4 delaminated, indicating that the thickness of the capping layer could prevent patterning. The different structures are shown in the first row of Figure 3.9. Compared to the other metallic samples, the structures were less visible under the optical microscope. For example, small dot structures could be distinguished (Figure 3.9(a)), but no further information could be obtained. In the other given structure examples (Figure 3.9(b) and (c)), the random islands structure is clearly visible.

Metal

Therefore, to confirm the formation of metallic structures, SEM analysis was performed on the 100 nm tin sample shown in Figure 3.9(c). These results are shown in Figure 3.10. It could be seen that structures did form, forming islands of varying sizes. In Figure 3.10(c), there was also a region where the metallic layer was slightly peeled off. 

Patterning

Aluminum structures

To better understand the effect of Al thickness, we fabricated and analyzed another set of samples, this time using the VMAG magnetron sputtering machine. In this serie, the metallic layers of different thickness were encapsulated with 40 nm of Si 3 N 4 (bottom layer) and 80 nm of ZnO (capping layer). The change of the material of the capping layer was justified by its ability to be etched, in much simpler conditions than Si 3 N 4 , the material that was used in the previous subsection. Examples of the structures obtained are shown in Figure 3.11. In the parametric tests performed, the thickness of metallic layer determined the morphology. In other words, the different speeds or even the tested optical powers tested did not affect the morphology, although the period could be slightly different. This result is discussed in more details in Chapter 5.

Figure 3.11 shows the four different patterns that could be obtained: random islands (a), organized islands (b), transition morphology (c) and zigzag-shaped continuous lines (d). In order to obtain the metallic layer range for each morphology and examine it in more details, a set of various metallic thickness was studied. Aluminum 3. Patterning metal/dielectric stacks by laser processing -3.2. Metallic layer was tested at: 10 nm, 15 nm, 30 nm, 45 nm, 60 nm, 75 nm, 100 nm, 125 nm, 150 nm, 175 nm, 200 nm, 250 nm and 300 nm. These samples could provide enough information to consolidate the dependency of morphology with metallic thickness as listed in Table 3.6. The random islands are a pattern that did not show structural organization in the direction of the laser scan, which is in the downwards direction in the presented images. The organized islands are organized in columns, which follows the direction of laser scan. They are also characterized by a shift of half a period downwards in respect with their neighbor column of islands, as shown in Figure 3.12. Transition patterns consist of lines and islands between each pair of lines. While these lines follow the laser scan direction, the islands could extend in different directions. The zigzag-shaped continuous lines followed the laser scan direction downwards.

Morphology

In the transition thickness between morphology types, both morphologies can be present simultaneously. For example, under the encapsulation conditions given in Table 3.6, a 15 nm aluminum sample may have some regions with organized islands morphology and other regions with random islands pattern.

These first results on the morphology of the patterns obtained can kick off the discussion on the patterning mechanism taking place. The different patterns observed so far have a striking resemblance with the patterns obtained by wrinkling, as shown in Figure 1.34 and Figure 1.33 of Subsection 1.3.1 of Chapter 1. The zigzag-shaped continuous lines are the herringbone pattern, the random islands are the irregular hexagonal mode and the organized islands can be related to the regular hexagonal mode or the square checkerboard mode. The straight line pattern obtained in the previous subsection (Figure 3.9(f)) is very close to the 1D regular lines obtained in the literature . As for dewetted structures, in the literature we did not find such regular patterns. The structures obtained by dewetting are usually more random, closer to what was perceived in the other metals tested (Sn, Ge and Cu).

In order to gain more information on the mechanism taking place, we studied the dependence of the pattern characteristic wavelength on the metal layer thickness, that can have different impacts in wrinkling and dewetting. As the range of each morphology was obtained, we can go further in their analysis. Taking advantage of the fact that some of these morphologies are periodic, we can measure their period and observe their dependency on the different parameters studied. Such measurements are interesting because it is a main point that can be related to different patterning mechanisms, as it was discussed in Chapter 1. In the case of this subsection, the dependency of the period on the metallic layer thickness is studied.

To study the dependency of the period on Al thickness, two periods were considered here: one perpendicular to the laser scan direction and the other parallel to it. Schematic diagrams of how to measure these periods in our structures are shown in Figure 3.13 for zigzags and in Figure 3.12(b) for the organized islands obtained. It is interesting to notice that the perpendicular period in the case of organized islands is measured taking two adjacent columns within a period, due to their shift downwards. The periods were measured for zigzags and organized islands on the same set of samples previously used to obtain the range of thickness of each morphology. Figure 3.14 shows examples of the microscope images of both morphologies with their periods schematically indicated. These images show that the period increase with aluminum thickness. In images (a) and (b), both periods are similar and by comparing the island shapes of image (a) and (b), one could see that the islands have a more rectangular shape for 60 nm of aluminum. Referring to images (c) and (d), the effect of increasing the aluminum thickness on the structures period could also be seen. In addition, the parallel period in this case is larger than the perpendicular period. Another interesting point is noticed for the 250 nm aluminum: the zigzag lines started to be interconnected sometimes, with no clear distinction between two adjacent lines. By measuring these periods on all the samples, the dependency of the period on metallic layer thickness could be obtained (Figure 3.15) Figure 3.15 presents the measurements of both periods perpendicular and parallel to the laser scan direction on microscope images of the Al stacks. It can be seen that the period increases linearly with the thickness of the Al layer. In this graph, the regions are represented by the background color, one for each pattern. The first region, in white, represents the random islands region. The random islands do not have parallel or perpendicular periodicity. The second region, in orange, corresponds to organized islands. Both periods, perpendicular and parallel increased in a linear fashion with thickness of the metallic layer. The third region, green, is the transition zone morphology consisting of lines and islands, with no apparent periodicity. The last region, with zigzag-shaped lines, also shows a linear dependency of the structures period on the aluminum thickness. Another point worth mentioning is the comparison of perpendicular and parallel periods. In the case of organized islands, the perpendicular and parallel periods are very close, with the first being only slightly larger than the last. In the case of zigzags, their difference is more pronounced, with the parallel period being larger than the perpendicular period. This effect is probably related to how the period is measured in the case of organized islands. As shown in Figure 3.12(b), the perpendicular period is measured counting two columns of islands, as neighbor columns are shifted, which increases this period virtually by a factor of 2. In the case of zigzags, the perpendicular period is only one column, being then surpassed by the parallel period.

This linear dependency of the structures period on the metallic layer thickness can be found in cases of dewetting processes, as presented in Subsection 1.4 of Chapter 1. In solid state dewetting, fingering instabilities can provide such trend. Nucleation and growth of voids, present in both solid state and liquid state dewetting, can also provide linear dependency of the characteristic wavelength on metallic layer thickness.

In the case of wrinkling, such trend of period dependency on metal layer thickness was observed experimentally considering thermal modeling (Figure 1.40 in Chapter 1). In the linear stability model considered (Subsection 1.3.2 in Chapter 1), the period depends on the thickness ratio of the capped layer and capping layer, considering a constant strain on this last layer.

These results are interesting, but not enough to provide an answer to which mechanism is taking place in Al samples patterning. For now, we have a period dependency on the aluminum thickness which is characteristic of mechanisms of solid and liquid state dewetting and wrinkling. The morphology of patterns obtained are more characteristic of wrinkles, since a variety of patterning is available for this mechanism, while only random structures are present for dewetting.

To go even further in the analysis of different mechanisms we will need a better understanding on how the patterning modifies the stack layers and how the layers are organized once patterned. In this context, SEM techniques in cross-sectional, tilted and top views can be used to answer these questions, thus being explored in the next section.

3. Patterning metal/dielectric stacks by laser processing -3.3. Structures characterization

Structures characterization

In the previous section, different morphologies were obtained (Figure 3.11) and the dependence of the period of these structures on thickness of the metallic layer was analyzed (Figure 3.15). Despite useful information, parametric studies on metallic layer thickness did not provide sufficient information to determine the mechanism of patterning. To investigate these structures formation in more details and possibly gain insight into the mechanism, some micro-analysis were performed using SEM techniques and also combining wet etching with SEM techniques. SEM images in top, cross-sectional and 20°tilted views were obtained by three detectors: upper secondary electron detector (SEI), lower secondary electron detector (LEI), and low angle backscattered electron detector (LABE). Both LEI and SEI are secondary electron detectors. The difference lies in their placement in the chamber: the LEI is not directly above the sample, providing better topological contrast. Unlike two other detectors, LABE uses backscattered electrons. Since they are sensitive to the atomic number of the atom, this detector can provide better chemical contrast. Some samples were also analyzed by Energy-dispersive X-ray spectroscopy (EDX) for composition mapping, in this case the images were coupled with a BSE detector, which also uses backscattered electrons. More details on these SEM techniques are given in Section 2.2.3 of Chapter 2.

SEM investigations on structured samples

In this first SEM study, two different representative aluminum thicknesses were selected: 30 nm and 150 nm. They were encapsulated between 40 nm of Si 3 N 4 (bottom layer) and 100 nm of ZnO (capping layer). These samples were then laser processed using the speed test protocol (Section 3.1). Their structures are presented in Figure 3.16.

The patterns displayed in Figure 3.16 are organized islands and zigzag-shaped continuous lines. While these patterns could be distinguished through optical microscopy, no further information could be obtained about which layer was patterned through this technique. Further analyses were required to confirm in which part of the sample the structures appear: on the substrate, bottom layer, metallic layer or capping layer.

To answer these needs, SEM analysis were conducted on the two representatives samples shown in Figure 3.16, using different views and detectors. The results of these analysis are shown in Figures 3.17 In the case of organized islands pattern, each detector used in top-view SEM acquisitions produced unique information. For instance, the images obtained with low energy electron (LEI) detector are more representative of the topography of the sample. Thus, image 3.17(a) points out that the topography of the sample consisted indeed of organized islands. Continuing with image 3.17(b), this acquisition was made with low angle backscattered electron detector (LABE), which is better suited for contrasting atoms and density of different materials. In our case, lighter regions represent regions with higher aluminum content, while there is less metal in the darker areas. These images allow us to define the region of the aluminum structured islands. Darker areas could be observed in the center of aluminum islands. This contrast may indicate an uneven distribution of metal within the islands. More analyses are needed to confirm this, but the islands were not completely filled, and they appear to have some sort of defect in their interiors.

These defects can be observed in the tilted-view image3.17(d) as the Al layer does not fill the space between the bottom and capping layers completely. The same trend is observed in the cross-sectional images 3.17(e) and (f). A sort of porosity seems to be present inside the Al islands. This porosity in the patterned aluminum layer could explain the inhomogeneous contrast in the islands observed in image 3.17(b).

Finally, the tilted and cross-sectional views were also used to obtain information on the pattern within the layers. Tilted-view images 3.17(c) and (d) showed that the ZnO capping layer smoothly follows the patterned surface. From the cross-sectional images 3.17(e) and (f) this behavior is observed more clearly: the capping layer does not present other patterning than following the Al islands height profile, while keeping its own thickness constant along the structures. The Al layer is different, it can be seen that it has a height profile, with a peak measured to be (147 ± 3) nm in this image. This value is not necessarily the peak height of the structures, since we cannot be sure that the images were taken in the middle of these structures. In the valleys of the structures, it is difficult to determine whether the top and bottom layers are in contact or not, so 3. Patterning metal/dielectric stacks by laser processing -3.3. Structures characterization SEM analysis of the 30 nm aluminum sample was helpful in obtaining structural information on the patterning. These results showed that the patterning observed is composed of Al organized islands covered by a ZnO capping layer, which acquired the shape of such islands without varying its thickens. The bottom layer and substrate were not patterned.

Figure 3.18 presents SEM images in top, tilted and cross-sectional views of the Al zigzags, structured from a 150 nm aluminum sample (Figure 3.16(b)).

The same pattern as observed in the optical microscopy images, zigzag-shaped continuous lines, could be seen in the top-view images 3.18(a) and (b). The LABE detector showed that the line is composed of aluminum, brighter area, while on its side the area is darker, indicating areas less rich in aluminum. These analyses are not enough to determine whether there is a residual of Al in between the zigzags or not.

The tilted images 3.18(c) and (d) showed that the capping layer actually follows the pattern of the aluminum, as was the case for the thinner aluminum layer. In the cross-sectional images 3.18(e) and (f ), it could be observed that the capping layer is homogeneous, following the aluminum structure pattern, like it was for the organized islands structures. The thickness of the metallic layer also varied along the horizontal axis. No pattern or thickness variation was perceived in the bottom layer or glass substrate.

Also present in the 30 nm aluminum sample, porosities in the aluminum layer were noticed in images 3.18(b) and (d). They could be viewed as holes in the patterned aluminum layer in image 3.18(b).

The first important information from these analyses was that the images obtained by optical microscope are sufficient to correctly determine the shape of the structures. By them, we could define our patterning. For both morphologies studied, the capping layer remained a uniform layer covering the metallic structures. These metallic structures are produced from the morphological changes of the metallic layer. The aluminum layer yields a varying height profile in the horizontal direction. It is not possible to determine only by these analyses if there is a small amount of Al in the valley of such structures. But, the depletion of aluminum in the valleys explains why the transmission increases when the samples are dewetted. Finally, no patterning was noticed on either the glass substrate or the underlying layer.

Another point is the presence of holes within the Al layer. They are present in both structures and most likely less metal is present in that region. These defect porosities will be studied in more details in the following subsections, and a way to suppress them is discussed in the next section. 3. Patterning metal/dielectric stacks by laser processing -3.3. Structures characterization

SEM investigations with etching

A specific study was carried out combining wet etching with SEM techniques. The purpose of this study was to confirm in which layer the porosity were present. In this particular study, the samples used were 150 nm aluminum encapsulated with 30 nm of Si 3 N 4 and 100 nm of ZnO. Three laser-treated samples were analyzed: unetched, ZnO capping layer etched, and ZnO etched followed by partial etching of the Al layer.

The details of each solution used for etching were given in Subsection 2. In the optical microscope images of Figure 3.19, the effect of each etching step on the structures can be seen. Comparing images (a) and (b), they show no major difference, indicating that these structures are not entirely on the ZnO capping layer. This was not the case for the Al wet etching. The width of the aluminum lines were reduced, with spaces between them appearing. Also, the black dots in the structures, which will be confirmed to be holes in the next paragraphs, increased in size comparing images (c) to (a) or (b). The distribution of these voids was similar for images (a) and (b).

The first SEM images are shown in Figure 3.20. These are top-view images of the three samples obtained using the LEI detector. The first row of images was acquired at a higher voltage, while the second row was obtained at low voltage. No porosity was observed in non-etched sample at low voltage, image (d). These porosities were observed in all the other images, thus confirming they are not present in the ZnO layer. After Al etching these porosities increased in size and are confirmed to be holes in the aluminum layer. Etching Al with NaOH etching also reduced the width of the lines, as shown by comparing images (b) to (c). Tilted and cross-sectional SEM images are shown in Figure 3.21. As already seen in the previous images, the holes in the aluminum layer could not be observed in the sample without etching and they increased in size by etching the aluminum layer. In the cross-sectional view, a residual Al of around 10 nm can be observed in the valley of the zigzags. 3. Patterning metal/dielectric stacks by laser processing -3.

Structures characterization

In addition to these analyses, EDX was also performed on the three samples. In Figure 3.22, the results for the sample without etching are presented. The combined element map image of Al, Si and Zn reproduces the zigzag shaped lines. In individual mappings, the results of Al and Si are complementary. In areas where the Al is perceived, the Si signal is weaker and vice-versa. As for signal of Zn, it is uniform throughout the sample. These results are in good agreement with the other SEM analyses: the peaks of zigzag are rich in aluminum, while the valleys are not. The regions (1) and ( 2) were also analyzed using the counts of each element in each pixel of the region. As it can be seen in the graph, the peak of aluminum is reduced in the region 1 (valley) compared to the region 2 (peak). The opposite is true for Si signal. The zones 1 and 2 also showed a difference in the intensity of the aluminum peaks. Comparing the counts for each sample, it could be observed that the Zn peak on the sample decreased after ZnO etching, indicating that this layer was indeed etched. These measurements confirmed that there is a residual Al in the valley of zigzags and that holes are present in the volume of the Al structures. How to suppress this porosity in the Aluminum layer is discussed in more details in the next section.

To discuss these results, let us first recall the two mechanisms of dewetting of encapsulated layers proposed in Subsection 1.2.4 of Chapter 1. Kline and Leonard If we recall the results of previous SEM analyses, the bottom layer does not present any deformation that could be observed. With this, the only remaining options of patterning are the ones including the deformation of the capping layer and the ones with the gas present. Now, in this section we showed that the capping layer cover the structures formed, changing its shape from straight sheet to a sheet with modulations. This is a kind of mechanical deformation. Commentaries on its origin, dewetting or wrinkling, are made latter in the Section 3.5 of this chapter. The final point observed is porosity in the Al layer, since they are holes, they are made of gas. Thus, the patterning observed in this section is consistent of a deformed capping layer and porosity in the metallic layer made of gas. The schematic image 3.25(g) is the closest to what is observed in our case. However, since the capping layer keeps its thickness constant, a more accurate schematic description is given in Figure 3.26. Now that the organization of the layers within the patterning is know, let us study the impact of the encapsulating dielectrics on it. 

Bottom layer

This section opens the study on the encapsulation conditions, starting with the bottom layer. In order to better understand the effects, of this layer, we need to observe the dependency of the holes size on the laser processing conditions. Then, we start by testing different thickness of different dielectric materials as bottom layers and compare them. Finally, some consideration on the reproducibility issues related to the bottom layer are made.

Holes dependency on laser processing conditions

For reminder: all the laser processing conditions of the figures shown in this chapter can be found in Annex B.

The holes in the Al layer observed in the last section were noticed to depend on the laser processing parameters. First, they were observed to appear for higher scan speeds than the patterning. In Figure 3.27(a) an example is shown for a 75 nm Al stack. The holes, observed as black dots in the optical microscope image, appear in the samples at 26 m/min scan speed with 37.3 W/cm of power. These holes then increase in size and quantity as the laser speed is reduced. Finally, the structures are observed with a lower scan speed (22 m/min) at the same power, displaying the transition morphology like Figure 3.11(c).

These holes were also observed at the onset of patterning. For an Al stack of 150 nm, a zigzag pattern was obtained at a scan speed of 20 m/min and a power of 37.3 W/cm. In Figure 3.27(b), we observe the onset of pattern formation obtained by processing the sample at the same power but with a scan speed of 21 m/min. In this case, the initial structure was observed in a small part of the sample, and these voids were observed separately from the structure (Figure 3.27(c)). Once the structures are formed, these pores are then observed in it with the same dynamics. Both their size and number increased with decreasing laser scanning speed, as shown in Figure 3.28 below. These results confirmed that the formation of the pores in the aluminum layer is dependent on the laser processing conditions and occurs at a higher scan speed than the onset of structures. Let us review the different possibilities for the patterning mechanism studied shown in Figure 3.25. Currently, we could obtain samples with porosity as their principal aspects (Figure 3.25(c)). Other observed samples showed deformation and porosity of the top layer (Figure 3.25(g)). The main question now is whether the formation of the pores and the deformation of the top layer are the same mechanism or different mechanisms. If they are indeed different mechanisms, a sample without pores but with deformation of the capping layer should be possible to be obtained (Figure 3.25(e)). This will be explored in the next subsection using different bottom layers.

Bottom layer effect

To study the effect of the bottom layer on the studied patterning, various campaigns were made. We start this subsection with the results of the first campaign, then we discuss the results of the other campaigns.

In this first campaign, the effect of three materials as bottom layer was tested: 20 nm of Si 3 N 4 , 20 nm of ZnO and 30 nm of TiN on top of 20 nm of Si 3 N 4 . They were investigated using the same techniques as in the previous section: optical microscopy, SEM imaging and wet etching. The samples were fabricated using the VMAG sputtering machine. The other parts of the stacks consisted of a 30 nm-thick aluminum layer capped by 80 nm of ZnO. All the samples showed organized islands morphology after laser patterning and their micrographs are shown in Figure 3.29 below.

In Figure 3.29, the two samples containing ZnO and Si 3 N 4 as bottom layers presented voids, as the sample with TiN showed no holes under all the laser conditions tested. Comparing the other two bottom layers is difficult, since the amount of voids seems to be related to the laser processing conditions and so, possibly, to the tem-perature reached. To do so, we assume that they have similar optical properties and compare them under the same laser processing conditions. In this case, it is possible to compare and to observe that the ZnO bottom layer has slightly less holes than Si 3 N 4 bottom layer, as they are normally presented only in one side of the islands with ZnO. In the valley of the structures, in addition to small voids surrounding the islands, large voids could be seen. As for the ZnO bottom layer, only two macropores could be observed, but not as large as the ones observed in the Si 3 N 4 sample. Also, it was not possible to find as many small voids as in Si 3 N 4 sample. These results confirmed that these inhomogeneities are related to the bottom layer in the present case. EDX analysis was performed on the sample with 30 nm of TiN for obtaining composition mapping. The results are shown in Figure 3.31. It can be seen that the aluminum 3. Patterning metal/dielectric stacks by laser processing -3.4. Bottom layer distribution of these islands is homogeneous and had no voids in it. The titanium signal could also be detected. The signal was weaker in the Al-rich region, which could be explained by the effect of varying thickness of the aluminum structured layer.

These results confirmed that the optical microscopy could be used as a technique to observe the presence of these voids in the structures. Also, the addition of 30 nm of TiN as bottom layer on top of Si 3 N 4 could prevent the formation of voids in the aluminum organized islands. Similar results have been obtained for other thickness of aluminum layers, such as 10 nm or 150 nm, as shown in Figure 3.32. After confirming the effect of void suppression on the structures, we tested whether the contact of the TiN was necessary with the metallic layer in order to the structures be void-free. For this purpose, two samples containing both 30 nm of TiN and 20 nm of ZnO were prepared, but this time ZnO was in direct contact with the metallic layer. The results are shown in Figure 3.33. As it can be seen in Figure 3.33(a) the islands are not void-free in the case of TiN/ZnO bottom layer. For Figure 3.33(b) it is difficult to observe the round contour of the islands in the image, but they are irregular as the precedent image, suggesting that they are also not perfectly rounded as they were with TiN direct in contact. These results suggest that the TiN must be direct in contact with the aluminum layer in order suppress the voids. The minimum TiN thickness needed to suppress the voids changed from one campaign to other. In the campaigns made during the first half of the thesis, the TiN was able to suppress voids formation from thickness as thin as 2 nm. From second half on, the campaigns needed thickness of 30 nm of TiN to supress the voids on the structures. These results could be due to differences in the processing parameters, as different glass substrate were used, and the position of the Ti and Al targets in the sputtering machine changed as well the state of the two targets. Various different sputtering conditions were tested, such as N 2 flow and pre-sputtering duration, but issued the same results. Further testing is needed to understand the source of this fluctuation. Examples of different TiN thickness of different campaigns are shown in Figure 3.34.

If a minimum thickness of TiN was needed to suppress the voids, the same cannot be said about the Si 3 N 4 bottom layer. No significant differences were observed for samples with thickness ranging from 20 nm to 40 nm. For example, in the tested samples containing 30 nm of aluminum capped with 80 nm of ZnO, no large differences were observed for 20 nm ( With this in mind, let us comment the origin of the porosity.

On the basis of the assumption of pores created by outgasing, the TiN layer would act as a barrier layer for diffusion of gases from the underlying layers and substrate to the Al layer. TiN was already observed to be used in the literature as a diffusion barrier layer (W.-F. [START_REF] Wu | Novel multilayered Ti/TiN diffusion barrier for Al metallization[END_REF].

In this optic, the experimental result of ZnO/TiN and TiN/ZnO bottom layers showed that the TiN must be in contact with the aluminum layer to suppress the formation of pores. Therefore, the gas origin must be above the TiN layer. This leaves us with two options: The gas source is in the aluminum layer itself or from the layer that is in direct contact with the aluminum below it. Considering the first possibility, this means that TiN prevents gas from accumulating and forming voids in the aluminum. The TiN layer then would prevent the gas to go downside and driven it to go upside, leaving the stack. The second possibility of gas source comes from the bottom layer in contact with the aluminum, which means that the gas is supplied by the bottom Si 3 N 4 or ZnO layer, not by the bottom TiN layer. In both cases considered here, it is not clear why the minimum thickness of TiN is a critical point in preventing porosity. If it is a barrier effect, this would mean a minimal thickness for it to have this effect. In this case, the Si 3 N 4 or ZnO would not have such property.

Another possible mechanism to prevent the pore formation could be related to the adhesion properties of the TiN layers. In Au stacks, TiN layers were observed to be as good adhesion layers as Ti (W. Kim, S. Kim, K.-S. Lee, et al. 2012), and Ti adhesion layer was observed to prevent solid-state dewetting under CW laser irradiation [START_REF] Abbott | Solid state dewetting of thin plasmonic films under focused cw-laser irradiation[END_REF]. In this case, the pore formation is considered a gas-mediated dewetting, so the good adhesion would create an energetic barrier for such pores to be formed, as the Al would be more adherent to the TiN than others bottom layers.

The first results of this section allowed us to separate the patterning mechanism of obtaining the Al structures in two: one responsible for the deformation of the capping layer and another for creating porosities of the Al structures. Then, we studied the bottom layer and observed its impact on these porosities. In the next section, we will study the deforming capping layer to understand its impact on Al structures.

Capping layer

The capping layer was observed to deform during patterning with the appearance of the Al structures. In this section we explore the effects of different dielectric materials and thickness of the capping layer in the patterning.

To investigate the impacts of the dielectric material of the capping layer on the structures, we capped the Al layer with a 100 nm thick layer of: ZnO, Si 3 N 4 , SiO 2 and AlN, the latter under two different sputtering conditions. The N 2 flow was different for these two AlN sputtering conditions: 30 sccm, close to the transition region, and 35 sccm N 2 , far from the transition region. The hysteresis graph of the Al target used to obtain the AlN is shown in Figure 3.36 with the different patterns obtained in this study. The laser processing conditions for these stacks are different, and as shown in Subsection 3.4.1 of the previous section, this affect the pore number and sizes. Thus, 3. Patterning metal/dielectric stacks by laser processing -3.5. Capping layer the comparison of the presence of voids in these structures is not extremely accurate. Qualitatively, voids are present in all the stack. Larger voids are present in the sample with SiO 2 as capping layer. The structures with ZnO and Si 3 N 4 have a similar amount of voids, while samples containing AlN have fewer. The effect of TiN on Si 3 N4 and AlN-containing samples was also observed, confirming that it could suppress the voids in several top-layer dielectric materials.

As shown in Figure 3.36, the morphologies obtained were zigzag-shaped continuous lines, except for the stack containing 100 nm AlN close to the transition region (image 3.36(e)). The structures displayed in this image are straight lines. The structure periods are also similar for ZnO, Si 3 N 4 and SiO 2 , but higher in both AlN samples. These results are summarized in Table 3 We found that the nature of the dielectric material for the capping layer could affect the morphology of the structures. In addition to that, different sputtering conditions (N 2 in AlN) could also impact the patterning. To better characterize this capping layer effect, two 150 nm of aluminum stacks were tested with different 80 nm dielectric capping layers, AlN and ZnO. The AlN used was close to the transition region. The results of the SEM analysis are presented in Figure 3.37. While the stacks with ZnO capping layer presented a zigzag-shaped continuous line patterning, the AlN showed regular continuous line structures.

The different structures are presented in Figure 3.38 and their main characteristics are summarized in Table 3.8. It could be seen that the lines obtained are not as distinct as in the case of zigzag lines, and the period of the structures is not the same. In fact, in terms of periodicity, these structures are not similar, in good accordance with the results presented earlier in this subsection. The height of the structures also varies depending on the capping layer used, which can explain the variation in the visualization aspects of these structures: the higher the structures, the more visible they appear in the images. In this context, by comparing the period and height of each structure, one can define their characteristic angle θ, as schematically presented in Figure 3.38. This defined angle can help us compare both of these structures: The larger the angle θ, the lower the aspect ratio between height and period. In our case, the angle of AlN capping layer is much lower than the angle of ZnO capping layer, which also translates the less marked aspect of the regular lines when compared to the zigzag-shaped continuous lines. In the case of the zigzag, this angle must be observed carefully, as the angle may vary depending on the position along the zigzag. Several campaigns were made to confirm the reproducibility of this result. Similar to what happened to TiN, this result of lines vs zigzags was confirmed for multiple campaigns, however, in the last campaigns of this work, it was not possible to obtain lines structures. Different conditions of pre-sputtering time and N 2 flow were tested. Although small variations on the period were observed, it was not possible to obtain the lines as before. The main reason behind this remains an unanswered question, but it must be related to processing variations of the glass substrate or the Al target condition.

AlN

Similar tests were performed on another sputtering machine, the LINA400, to confirm the reproducibility of these results for different capping layers. Fortunately, similar results were obtained: when laser treated, the sample containing AlN near its transition region produced straight lines, while the AlN far from transition issued zigzags (Figure 3.39). The samples from LINA400 and VMAG produced the same order of periodicity from the samples: Λ ZnO < Λ Si 3 N 4 < Λ AlN (Table 3.9). Due to the deformation of the capping layer during the structuring process, different results in the literature suggest that the obtained structures should be related to the mechanical properties of the capping layer. The first propriety discussed is the Young's modulus. Cao et al observed that the capping layer effect of suppressing dewetting of the metallic layer is directly related to the Young's modulus of such layers [START_REF] Šimurka | Mechanical and optical properties of SiO2 thin films deposited on glass[END_REF]. We propose here to study if their periods is also related to their Young's modulus. Comparing the values obtained from literature (Table 3.10), we observe that: E SiO 2 < E ZnO < E Si 3 N 4 < E AlN , that is the same trend observed for the periods apart from the SiO 2 result, which shows a different behavior.

Material

ZnO Si 3 N 4 SiO 2 AlN

Young's modulus (GPa) 110 [1] -130 [2] 150 -175 [3] 30 -70 [4] 215 [5] -270 [6] Continuing the direction of the mechanical properties of the capping layer, Schulman et al investigated the dewetting of a liquid film covered with an elastic membrane under biaxial tension and observed that the stress state of this capping layer affected the dewetting pattern (Schulman, Niven, Hack, et al. 2018). From Saint-Gobain's internal data, AlN was known to transit from compressive to tensile stress the closer it is to the transition zone. Based on such information, the capping layers had their stress evaluated as single layers by thin glass techniques, as presented in Subsection 2.2.4 of Chapter 2. The results are shown in the Table 3.11. It can be seen that the AlN can be in tension depending on the sputtering conditions, while the ZnO and Si 3 N 4 are in tension. It can also be observed that: σ Si 3 N 4 < σ ZnO < σ AlN Far < σ AlN Close , which is close to the trend observed for the period of the structures.

So far, we have attempted to semi-quantitatively analyze the relationship between the structures period and the mechanical properties of the capping layer, without 3. Patterning metal/dielectric stacks by laser processing -3.5. Capping layer considering the driving forces and deformation mechanisms. The deformation of the capping layer in the case of the dewetting mechanism occurs to reduce the surface energy of the system. In the wrinkling mechanism, it acts to reduces the compressive stress of the capping film, in other words, to reduce its elastic potential energy. Two distinct trends have been observed in the literature for each mechanism. In the case of liquid dewetting, the obtained particle size decreases as the thickness of the top layer increases (White, Behbahanian, Stoker, et al. 2018). When wrinkles are formed, it can be observed that the period of the structure increases with the thickness of the top layer [START_REF] Lu | Controllable laser-induced periodic structures at silicon-dioxide/silicon interface by excimer laser irradiation[END_REF] To evaluate our patterning mechanism from this perspective, samples with different capping layer thicknesses were fabricated. Some examples of these structures are shown in Figure 3.40. With a thicker capping layer the range of possible laser conditions for obtaining structures without cracks has narrowed. The thickness also had an impact on the structures morphology. The 150 nm aluminum samples transformed from zigzag lines (up to 100 nm thick ZnO) to a line and island mixed morphology (200 nm ZnO), similar to the transition morphology observed in subsection 3.2.3. Similar behavior was observed for 15 nm Al stacks ranging from organized islands (up to 100 nm ZnO) to random islands (200 nm ZnO).

Finally, by measuring the period of the obtained structures, its dependence on the thickness of the capping layer could be obtained (Figure 3.41). Such measurements showed that the periodicity of the structure increases with the thickness of the top layer. The behavior appears to be linear considering the tendency of each Al thickness, direction of measured period, and cap layer, but more data are needed to confirm accurately. Even though, the effect of periodicity with increasing top layer thickness is a strong wrinkling trend. These results suggests that the capping layer is being deformed by a wrinkling mechanism. Such behavior is supported by the variety of patterns obtained, the same as could be obtained by wrinkling (Section 1.3 in Chapter 1), which includes 1-D lines, zigzags, irregular and regular hexagonal modes and the squared organized islands which are close to the squared checkerboard mode. Still, the energetic considerations of the reduction of surface energy are still important and might be necessary to understand this patterning as whole.

Summary

In this chapter, we investigated the patterning of metallic layers encapsulated by dielectrics using ex-situ characterization methods. Among the different metals tested under the same encapsulation conditions, only Al did not present problems of adhesion, delamination or irregular structures after laser processing. So, Al was used as the metallic layer of the stack in the rest of this work. Patterning could also be achieved with other metals: copper, only one morphology was obtained, and silver, but in this case delamination occurs simultaneously with patterning.

Characterization using SEM analysis could give us more information about the main morphology and structural features of dewetted structures. These structures are characterized by a height distribution of the aluminum layer along the horizontal axis with periodic peaks and valleys. In the valleys of these structures, a residual amounts of aluminum is still present. It was observed that the capping layer covered the obtained aluminum structures, with no thickness variation. No patterning of the underlying dielectric layers, nor modification of the substrate was observed. In some cases, voids were present in these metallic structures, which were thought to be caused by mechanisms other than structural patterning. These voids were observed to appear in the structures and before their formation, for faster laser scanning speeds. This porosity in the Al layer could be suppressed by adding a TiN underlayer in direct contact with the Al layer. These results suggested an Al dewetting mechanism leading to the formation of these pores and that the TiN bottom layer inhibited such mechanism. The experimental results could not be explained by simple analysis of the wetting properties of the different underlying materials, as they suggest that TiN would rather favor the dewetting of Al and not suppress it.

We then proposed a possible barrier effect of the TiN layer, that would prevent diffusing gas molecules from other substrates and underlayers, inhibiting the pore formation. Other mechanisms may also be possible, such as the good adhesion properties of the TiN layer (W. Kim, S. Kim, K.-S. [START_REF] Kim | Titanium nitride thin film as an adhesion layer for surface plasmon resonance sensor chips[END_REF]), a property that prevents solid-state dewetting under CW laser radiation [START_REF] Abbott | Solid state dewetting of thin plasmonic films under focused cw-laser irradiation[END_REF]). This part of solid state dewetting will be examined by infrared thermal measurements in the next chapter.

The thickness of the metallic layer was found to have an effect on the morphology and period of the pattern (given the same morphology). The following morphologies were obtained: random islands, organized islands, a transition morphology and zigzags. The different patterns found in the aluminum are a strongly reminder of the available wrinkle patterns (Subsection 1.3 Chapter 1), while no such patterns were discussed in the literature for dewetting. The dependency of period with metal thickness was found to be linear. This trend is classic for the fingering instability mechanism of solid-state dewetting. Nucleation and growth mechanisms, present in solid and liquid state dewetting, can also produce such behavior. As for wrinkling, this trend depends on the thickness ratio of the capping layer and the viscous capped layer, as predicted by the linear stability model and observed experimentally (Subsection 1.4 Chapter 1). In the case of the wrinkling mechanism, this would mean that the viscous layer is the Al layer, and the metal layer must have enough mobility to acquire the form of the deformation instabilities of the capping layer. This mobility seems unlikely to be achievable in the solid state.

Since the proposed mechanisms depend on the state of the aluminum layer, thermal measurements in the next chapter will try to answer the question if the Al is in solid or liquid state during patterning and point to the probable mechanism.

Finally, the top layer was observed to affect the period of the structures and their morphologies. It was also observed that increasing the thickness of the capping layer increases the period of the structures. However, the linear relationship is not as pronounced as the aluminum thickness. This trend of increasing period with capping layer thickness has been observed in the literature for wrinkling (Figure 1.42 in Subsection 1.3.1 of Chapter 1). In the case of dewetting, the trend observe is the inverse: particle size reduces with increasing capping layer thickness.

The mechanism behind this patterning will be discussed further in the next chapter, as the phase of the metal layer during patterning is investigated. Afterwards, a final discussion on the mechanism is given with the proposed model in Chapter 5.

Thermal dependency of the patterning

This chapter describes the in-situ thermal measurements obtained during laser processing of samples. We first briefly present the set-up used and then discuss the thermal dependencies on the laser parameters and on sample's optical properties.

From these results, we observe that the acquisition temperature is affected by the absorptivity and emissivity of the sample. We then examine a non-patternable silver sample, showing that temperatures measured through this method can be accurate even with small defects on the sample. Finally, we examine the Al samples, first using voids-free samples with TiN on the bottom layer. The observed result is that the temperature reached must be higher than the Al melting point to achieve patterning. The same results are then confirmed for samples without TiN. Finally, the effect of the maximum temperature reached on the patterning morphology is briefly discussed. 

Chapter content

Introduction

As shown in the previous chapter, continuous laser processing can create structures in metal layers encapsulated by dielectrics. Dewetting and wrinkling mechanisms have been proposed as the responsibles for such structures, all of which are thermally dependent on the state of the aluminum layer. To observe the thermal dependence of the phenomenon studied, in-situ thermal acquisitions were carried out in the set-up at the Institut Fresnel.

The laser set-up used is described in Subsection 2.3.2 of Chapter 2. It consists of an SPI ytterbium fiber laser of nominal power of 200 W at the wavelength of 1070 nm, with non-polarized beam. As discussed in Subsection 2.3.5 in Chapter 2, thermal recording during laser heating using the laser line was limited due to the spatial resolution of the camera. To overcome this problem, we used a large Gaussian beam with a FW@1/e 2 of 4.980 mm (FWHM = 4.230 mm), which had a small energy concentration that deviates slightly from the Gaussian theoretical peak. The second modification from the experimental conditions used in Chapter 3 was the displacement of the laser or the sample. To simplify the problem, we decided to leave the sample and beam statistic, without moving. Thus, the irradiation duration was controlled from 20 ms to 2 s via the function generator.

The IR-camera used was a FLIR X6901sc infrared camera, which acquired images in the middle infrared from 3 µm to 5 µm. In the acquisitions a 100 mm focal length objective associated to a 1-inch extension ring was used. The spatial resolution is therefore 69 µm par pixel for an acquisition window of up to 640 pixels x 100 pixels. The acquisition rates were always above 1000 Hz, most of time at a frame rate of 1740 Hz.

As it was described in Subsection 2.3.5 in Chapter 2, the IR thermal measurements convert the radiation counts of the sample and transform it in temperatures based on the emissivity of the sample. This emissivity was measured using the FTIR at room temperature (Subsection 2.2.2 of Chapter 2). The radiation counts are converted to temperature by comparing the obtained radiation to a blackbody calibration curve of the FLIR camera, with adjustments made by the camera software. In our case, as it was shown previously by Equation 2.24, an increase in emissivity translates into a drop in measured temperature in a dependency close to ( 1 ε ) 3 . These thermal measurements were done with samples of 10, 30 and 150 nm of Al, capped by 100 nm of ZnO and two bottom layers were used: Si 3 N 4 40 nm/ TiN 30 nm and only Si 3 N 4 40 nm. To simplify the notation, in the rest of this chapter the samples will be referred to only by their aluminum thickness and, in the case of having TiN as bottom layer, this material and its thickness in nm. The respective stacks and notation are given in Table 4.1.

These thermal acquisitions were then used to study the different types of patterns obtained. To avoid the eventual effects of the porosity of Al in our thermal measurements, we propose to start the discussion with sample that are void-free, i.e. the samples with TiN. Then, we will use these results to analyze the samples with porosity. 

Thermal model considerations

We will try to use a heat transfer model in order to understand the dependency of the heating of our sample in the laser and materials parameters. In the studied configuration, we will ignore the different microscopic mechanisms of absorption, relaxation, energy transfers and have a macroscopic approach. As we are here studying the increase of the temperature up its melting point, we will reasonably ignore the heat transfers by convection, and the same will be done for radiation phenomena (which was validated by simulations in the temperature ranges of interest). In this case, considering only heat transfers by conduction, the heat equation is written:

ρC ∂T ∂t -∇(K ∇T ) = Q (4.1)
Where T is the temperature, ρ is the density, C the specific heat, K the thermal conductivity and Q the heat source in the material. To this equation we can add conditions of continuity of heat flow at the interfaces of the materials (-K∇T), an initial temperature (T 0 ) and boundary conditions far from the heated zone, where (T = T 0 ). The thermal conductivity of materials varies strongly with temperature and a precise calculation must take this into account. However, we will neglect it in the first approach to obtain analytical solutions with the limitations that comes from it. In this case the heat equation is written:

1 D ∂T ∂t -∆T = Q K (4.2)
Where ∆ is the Laplacien operator and D is the thermal diffusivity of the material, defined as:

D = K ρC (4.3)
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In our stack, we consider that the radiation is absorbed on the metal layer, and in this case the heating source is considered as an incoming heat flux on the surface as the thickness of the materials are small. The heating flux is then considered in the surface of the sample as:

F (r, t ) = AI (r ) (4.4)
Where A is the absorption and I (r ) is the intensity distribution of the Gaussian beam, defined as:

I (r ) = I 0 exp(- 2r 2 w 2 ) (4.5)
Where I 0 is the intensity at the center of beam and w its waist. In this case, the temperature evolution at the surface of the sample at the center of the beam is given by [START_REF] Bechtel | Heating of solid targets with laser pulses[END_REF]:

∆T (0, t ) = AI 0 t K ρC (4.6)
Considering that the intensity at the center of the beam is related to the power of the laser (P) as:

I 0 = 2P πw 2 (4.7)
The temperature rise is finally given by:

∆T (0, t ) = 2AP t πw 2 K ρC (4.8)
The above equation states that the maximal temperature measured in an acquisition should be proportional to the absorption at the laser wavelength and square root of the pulse duration at constant material thermal properties K, C and ρ, and with the sample presenting a constant optical absorption.

In addition to this heat model, we also developed a finite element model with the software COMSOL. The COMSOL model is not presented here, as this simple model just presented is sufficient for a first approach. The element finite model however can be very useful for understanding the temperature evolution considering the thermal conductivity K and the specific heat C dependent on the temperature. The COMSOL model can also be used to obtain the temperature evolution considering the absorption dependent on the temperature of the thin film. In this case, we will present in the next section the general trends of absorption evolution with temperature. 200 4. Thermal dependency of the patterning -4.3. Optical properties impact

Optical properties impact

For our application the knowledge of some of optical properties is required: spectral emissivity in the thermal camera operating range (3 µm to 5 µm) at normal incidence and absorption at the laser wavelength (1070 nm) at the angle of incidence of the set-up (45°). Since we examine the samples during laser structuring, we have two contributions to these properties, one due to thermal effects and the other due to patterning.

Optical properties of the samples were measured in the as-deposited and structured states using the FTIR and lambda spectrophotometers (Subsection 2.2.2 of Chapter 2). These results are given in Table 4.2. Both the emissivity and absorption were observed to increase with patterning. These measurements do not take into account the scattering effects of our samples, with are present due to their shape. From a thermal point of view, both absorptivity and emissivity vary with temperature and phase transition. In our case, we have to account for changes of these materials inside the stacks.

Sample

The metallic layer in our stack can increase its absorption by heating in solid state, followed by an abrupt increase in liquid state, as shown in Figure 4.1, due to the sudden change of conduction electron density [START_REF] Bergström | The absorption of laser light by rough metal surfaces[END_REF]. As an first order approximation, the absorption as function of temperature (A(T)) is linear [START_REF] Prokhorov | Laser heating of metals[END_REF]:

A(T ) = A 0 + A 1 T (4.9)
Where A 0 and A 1 are dependent on the metal and on the state of the matter of the metal (liquid or solid). Typical values of such metals can be found in the work of Prokhorov [START_REF] Prokhorov | Laser heating of metals[END_REF]). 4. Thermal dependency of the patterning -4.3. Optical properties impact

In order to estimate the impact of the emissivity in our case, let us consider the emissivity varying linearly with temperature from its room temperature emissivity (ε 0 ) to a new value of emissivity (ε r ) at the melting point T m . For this, we can write:

ε r (T ) = ε 0 + (ε n -ε 0 ) T -T 0 T m -T 0 (4.10)
In this case, being T room the temperature measured using the room temperature emissivity, and remembering Equation 2.24 (Subsection 2.3.5 in Chapter 2), the real temperature (T r ) is:

T c = T r ( ε r ε 0 ) 1 3 (4.11)
In Figure 4.5, we have calculated the real temperature for different values of measured temperature and real emissivity values (ε r ) at the melting point of Al. As the emissivity increases, the real temperature decreases. And the second point is that the impact of emissivity increases as the temperature increases. However, for small differences in emissivity, this value has limited impact on the results. For instance, the measured temperature at 700 °C is in reality 680 °C for a real emissivity of 1.1 the depart value and 660°C for a real emissivity of 1.5 the initial value. To summarize, it is important to notice that the absorption has a linear impact in the temperature, with a sudden increase with phase change, while the emissivity has a factor of ( 1 ε ) 3 . For this, as long as the maximal temperature is represented by Equation 4.8, we will consider that the emissivity had a limited variation and the temperature measurement is accurate. For this, let us take a look in the next example of an Ag sample. 204 4. Thermal dependency of the patterning -4.4. Ag sample

Ag sample

To understand the effect of different emissivities, we examined temperature measurements in silver stacks that were not patterned with laser heating. In the case of this stack, defects were observed in the sample after laser processing at certain conditions ( As discussed in the previous section, to validate our thermal acquisitions, we investigated maximum temperature achieved as a function of different laser treatment parameters through Equation 4.8, where P is the power and t d is the pulse duration. For obtaining the maximal temperature from our acquisitions, we considered the emissvity of the as-deposited stack measured at room temperature, which was 0.0792. Finally, the maximal temperature reached for each acquisition of Figure 4.6(a) was determined and plotted against the linearized laser parameter P t d . We could then observe up to which temperature the linear behavior was maintained, indicating the limits of this approach.

Figure 4.7 shows the dependency of a silver stack on the linearized laser parameter. Such result allowed us to confirm that the maximal temperature dependency on P t d is linear for points up to 850 °C, almost at the Ag melting point even with the appearance of defects on the sample. Therefore, these acquisitions are considered accurate and representative of the temperature achieved at the surface of the sample.

Through Figure 4.7, it can be noticed that the defects appeared in the Ag samples for temperatures higher than 600 °C. Even though they are observed in optical microscopy, they are not significantly affecting the absorption or the emissivity, as the linear dependency of the maximal temperature on the linearized laser parameter P t d is still present. This is a good indication that not necessarily every structural change in the sample is translated in a significant change in optical properties. Finally, this opens the discussion that the sudden change in the dependency of the maximal temperature on the linearized laser parameter P t d could be due to a change in the optical properties of the Ag film. For instance, this change could be due to Ag melting at such high temperatures. The first point disrespecting the linear dependency is measured to be at 940 °C, very close to Ag melting point (961.8 °C). This sudden increase then could be explained by the rise in the absorption of the Ag layer due to phase change (Figure 4.1). This observation is only valid in the range of small variation in emissivity. Large variations could lead to other interpretations like the local emissivity largely varied due to defects which grown to a point where they affect the optical properties.

With our approach discussed and validated with a non-structuring sample, we will use the same approach for structuring samples, starting with the ones with TiN in the bottom layer.

Al samples with TiN

We investigated the thermal dependence of patterning on laser processing parameters using thermal measurements and parametric testing. To this end, we obtained thermal data of the samples during laser irradiation at different power and durations, and then verified the surface of the samples after recording. Before we consider the temperatures obtained, let us examine the surface of the sample after laser processing. Laser treated surfaces may have any of the following features: no structures, patterning structures, or surface damage. The structures could be difficult to spot because they sometimes appeared only in small areas of the laser heated region. The observed pattern consisted mainly of small points structures (Figure 4.8(b)) or lines. These lines are usually radially oriented towards the intensity peak of the beam and may contain small points structures within them (Figure 4.8(a)). The beam peak was not perfectly centered, which could be translated in the sample as structures appearing in the peak and in another adjacent region, not following a complete circular distribution (Figure 4.8(c) and (d)). Long pulse durations and/or 4. Thermal dependency of the patterning -4.5. Al samples with TiN higher powers could also cause cracks in the patterned surface (Figure 4.8(d)). In this case, the laser parameter is called "damaging" the stack.

After testing different laser durations and powers, the sample surface was classified as "no structures", "structures", or "damaging", resulting in the following image of the TiN 30 Al 10 sample (Figure 4.9). It can be seen that the structure-forming operating range is limited, between the damaging and no structures conditions. As it will be presented through this section, structures are only observed when the temperature reached is higher than the melting point of Al, indicating that the pattern is taking place in the liquid state. Each laser condition tested also had at least one thermal measurement associated. By imputing the emissivity measured at room temperature of the deposited sample (Table 4.1), the temperature at the surface of the sample was obtained. As it was described in Subsection 2.3.5 of Chapter 2, in each frame of the acquisition we tracked the maximal temperature during the time, and since each frame is equally spaced in time, we could estimate the maximal temperature measured dependency on time. Figure 4.10 shows these curves for different pulses duration at 90 W of laser power.

The acquisitions used for obtaining the data displayed in Figure 4.10 had some artifacts that can mislead the interpretation of the curves. These artifacts are related to the temperature range of each measurement and its mode, single or superframe. The superframe mode, indicated by "lower ranges" in the legend of the graph, combined two frames obtained at different temperature ranges in one single superframe. In the limit temperatures of each temperature range, a plateau value is observed due to the change of range, indicated by the black arrows in the graph. In the Figure 4.10, one acquisition achieved the maximal temperature of the superframe mode's temperature 4. Thermal dependency of the patterning -4.5. Al samples with TiN range (Figure 4.10 150 ms -Lower ranges). In this case, a plateau is also observed (pink arrow) and corresponds to the saturation of the pixels. The temperature in this plateau is not a valid temperature measured. In this case, another acquisition was made in single frame mode using a higher temperature range (Figure 4.10 150 ms -Higher range). As this mode also uses different temperature ranges from the superframe mode, an offset of the value is observed. Finally, the valid peak temperature obtained is the one from this acquisition in higher temperature range. It can be observed that only the conditions of 150 ms reach temperatures above the Al melting point. This is also the only condition tested at 90 W of power that presented structures without film damaging. The structure in this case is made of points, like the one presented in Figure 4.8(b). This is a first result that point out that the Al film must be above its melting point in order for pattern to occur.

An expected point that presents the reproducibility of such measurements is that they are well adjusted to each other in the increasing temperature, even tough the acquisitions are each time in a different spot. This is expected as the power is the same, and only the pulse duration is increasing.

It is also possible to obtain the temperature distribution in space. For this, the spatial distribution along a horizontal line is shown at the the maximal temperature obtained in each acquisition previously discussed (Figure 4.11). As expected, as the pulse duration increases, the achieved temperature and the width of the temperature peak increase as well. It can be noticed that at 150 ms of pulse duration, the temperature could be above the Al melting point and it was possible to measure this length. This distance will be referred to as Al molten length, and in this case it is of 0.7 mm. This length could be measured for different conditions above the Al melting point and 4. Thermal dependency of the patterning -4.5. Al samples with TiN it could be compared to the distance of the length of patterned zone measured by optical microscopy. This result is more discussed in the end of this section.

Another trend in the spatial distribution of temperature (Figure 4.11) is the impact of the hot sopts of the non-perfect gaussian beam. It can be noticed in our acquisitions that such feature is translated as a shift in the peak (indicated by the pink and dashed blue arrows in Figure 4.11). For the 150 ms peak duration, a region of saturated temperature is also observed in the acquisition of 150 ms at lower temperature ranges, being just above the pink arrow. As these acquisitions presented clearly the effect of the pulse duration, we can look in more details on the effect of the power using the same approach. The maximal temperature dependency on the time is shown in Figure 4.12 for different acquisitions with different laser powers but the same pulse duration of 100 ms. Logically, the maximal temperature increased as the power increased. At the condition of 120 W, the temperature achieved saturated the temperature range normally used, so the higher range had to be used. In the acquisition with such range, the peak temperature can be confirmed around 950 °C, above at the Aluminum melting point. In this condition the surface of the sample was observed to produce point structures (Figure 4.8(b)).

The spatial distribution of the maximal temperature was also observed for these measurements (Figure 4.13). As it was previously observed in Figure 4.11, the value and width of the peak temperature increased with increasing laser power. In the case of the acquisition which was above the Al melting point, the measured width was about 1.4 mm. These curves are examples of the characteristic curves obtained for all parameters of laser power and pulse duration presented in Figure 4.9. Systematically, structures were found for temperatures above the Al melting point.

The last step is the validation of these thermal measurements. We will use the same method presented in the previous section. In other words, we will observe the 4. Thermal dependency of the patterning -4.5. Al samples with TiN dependency of the maximal temperature (T Max ) on the different powers and laser durations.

Starting the method, the results presented in Figure4.9 can be transformed remembering the Equation 4.8. In this case, the different power (P) and pulse durations (t d ) are combined in the linearized laser parameter P t d . Then, the dependency of T Max on the linearized laser parameter is plotted ( The Figure 4.14 confirms that the behavior of the maximal temperature is linear with P t d up to 600 °C. It also can be observed that structures were present only for temperatures above the melting point of aluminum and, as it is above this linear behavior limit, two possibilities are opened: the as-deposited room temperature measured emissivity is representative or not. The first case is possible, as a small amount of structures not necessarily influence the emissivity as observed in the previous section. In this case, this confirms a liquid state patterning.

In the second case, a more delicate analysis is needed, but we will ended up in the same conclusion. As discussed, although the real max temperature is not known in regions outside the linear behavior, we have a minimal cap given by the linear regression. We will focus in the two first structuring conditions (circled points in Figure 4.14) as they are the ones with the lower minimal cap. Their minimal temperature is at 620 °C and 630 °C, while their measured temperature is 695 °C and 741 °C respectively.

The first point to be considered is the sudden increase of absorption. As it was discussed, this sudden increase is a mark of phase change, meaning a liquid phase 4. Thermal dependency of the patterning -4.5. Al samples with TiN structuration and enough absorption go from the minimal cap to the Al melting temperature. Still, as the absorption is also observed to increase with patterning, so this could be also an effect of patterning.

In this case, we have to look at this temperature with the structured emissivity. Although the pattern is not the same, we will use the measured ones from laser line as an approximation of the ones obtained here. As it is shown, the structured emissivity is higher than the as-deposited emissivity (Table 4.2), so the accurated measured temperature is lower than the measured one. This new value can be calculated by Equation 4.11 and give 656 °C and 699 °C to the points, one very close and other higher than the melting point of Al at 660 °C (bulk).

Finally, the last point to be considered is the thickness of the metallic layer. As the Al layer is very thin, it was observed in the literature that it could fairly reduced the melting temperature of the metal (Couchman and Jesser 1977; Z. Zhang, Li, and Jiang 2000; Abdullah, Khairunnisa, and Akbar 2015). Using the model proposed by Zhang and considering the constant values of Al given in his paper (Z. Zhang, Li, and Jiang 2000), we could calculate that the melting temperature of a 10 nm thick Al film would be at 603 °C, which is in very good agreement with the loss of linear behavior of the max temperature. There, this result indicates a liquid state patterning.

By considering these results, we can add isothermal of maximal temperature in Figure 4.9 up to 600 °C, where we are certain of the temperature obtained. This provide us with the following result This same kind of approach was used for thicker aluminum layers and provided the 4. Thermal dependency of the patterning -4.5. Al samples with TiN same results of patterning in liquid state.

The parametric test results of the TiN 30 Al 30 samples are shown in Figure 4.16. It can be noted that this stack is more prone to damage than the previous stacks with thinner aluminum layer. Therefore, the laser processing conditions are reduced to produce only structures, and only four structuration conditions points were found in this parametric test. Examples of the obtained structure are shown in Figure 4.17. The resulting structures can be island-like structures (Figure4.17(a)) or line structures with some mixed point structures (Figure 4.17(d)). In most of the structures, both types are mixed (Figure 4.17(c)). The example of the single island formation was obtained under the first condition where the sample was heated just above the melting point of Al, suggesting that the differences between the structures are controlled by the highest temperature reached in the film. Finally, Figure 4.18 shows the analysis of the maximum temperature dependence of the linearized laser parameter P t d . The maximum temperature depends linearly on the laser parameter P t d up to the melting point of Al. This indicates a liquid phase patterning.

In the limit conditions, not all points present structures above but close to melting point of Al (circled points). Again, this could be related to small changes of emissivity in the sample or due to emissivity changes of liquid phase. This may also be related to the mechanism and its temporal dynamics. Since these conditions correspond to the limit conditions of the film in liquid phase, its duration in this state is very limited. Given that the pattern is formed in the liquid phase by a growing instability, this could be explained by not providing enough time in liquid phase for this structure to grow thick enough to be recognized in optical microscopy. 

Al samples without TiN

The samples without TiN were also studied. Their main difference from the samples with TiN is the presence of voids in the Al layer, which were observed in temperatures well below the Al melting point.

The behavior observed of these porosities was the static configuration was the same as the one in dynamic configuration (Subsection 3.4.1 of Chapter 3). The size and number of porosities increased as the maximal temperature increased. In addition, they were observed for processing conditions before the structural patterning. In the case of Al 10 sample, the porosities on the Al layer were observed for temperatures as low was 300 °C.

By applying the same method of linearized parameter, we could observe the trend for Al 10 samples. This means that although the first structuring point is above the Al melting point, we do not have sufficient accuracy to confirm this structuring temperature. To study the structures formation, we propose to observe the distance between the measured maximum temperature and the maximum temperature obtained the linear approximation to the parameter P t d . We calculated this distance and then normalized it the measured temperature. The result is shown in Figure 4.23. It can be observed in Figure 4.23 that both samples have the same tendency of distancing from the measured temperature. This is a good indication that they follow the same type of optical property modification mechanism. This allows us to extend the accuracy of temperature measurements from TiN 30 Al 10 samples to TiN 10 samples.

Since the first structure obtained is above the Al melting point and the sample with and without TiN obey the same behavior on thermal measurements, the patterning in liquid state. The same argument can be done for Al 30 (Figure 4.24) and Al 150 (Figure 4.25) samples. Thus, the patterning is pointed to be in liquid state for through these measurements.

4. Thermal dependency of the patterning -4.6. Al samples without TiN 4. Thermal dependency of the patterning -4.7. Structures dependency on maximal temperature

Structures dependency on maximal temperature

The last important point to be discussed in this chapter is the morphology of structures, lines or points (Figure 4.8). We discuss in this section these structures from a thermal point of view. For this discussion, we will only look now to the laser conditions that produces patterns, either lines or points structures, and the curves of temperature dependency on time and the maximal temperature distribution along a horizontal line. Although, all three thicknesses of Al tested produced structures, the TiN 30 Al 10 sample was prone to a variety of conditions producing different structures. Therefore, we will focus the discussion on this sample.

The key points of each acquisition is summarized in The length of structured region was obtained by measuring the distance between structures in the horizontal direction. These results were then confronted to the distance above the Al melting point obtained by the acquisitions. This distance is therefore the size of the molten pool of Al in which structures can appear. In the case 4. Thermal dependency of the patterning -4.7. Structures dependency on maximal temperature of a liquid phase patterning, the distance of the structures must not be greater than the molten Al zone, as this would mean that there are structures appearing in the solid state region of Al. In Table 4.3, it can be noticed that the structure length measured is smaller than the one obtained by thermal measurements in all the laser conditions tested, verifying the consistency of a liquid phase patterning. Another interesting point is that it is possible to measure the time above the Al melting point. In this case, we can obtain an upper cap of the characteristic time scale of the phenomena. Meaning that the patterning phenomena, occurring in liquid phase, must at max occur in this duration. In the structures observed, the time scale is at most of 4 ms of points structures and 31 ms of lines structures.

Another interesting point is the presence of line or points structures. It seems to be related to the maximal temperature achieved, as the only two lines structures obtained are at measured temperatures above 1000 °C.

Finally a consideration on the kinetic. Comparing the condition of 500 ms duration at 50 W of power to 80 ms duration at 130 W power, we can observe that the maximal temperatures reached are very close (around 830 °C) and the distance above the Al melting point as well (1.03 mm). The difference of the time above the melting point is key between them. For the pulse duration of 500 ms, the surface is for a long time above the melting point (68 ms), differently of the shorter pulse, which stays in liquid state for only 13 ms. This shorter duration in liquid phase, surprisingly enough, produces more structures on the surface than the long duration. This is represented by the structure distance which is of 0.04 mm for the 500 ms pulse duration and of 0.84 mm for the 80 ms pulse duration.

This result is important as we can use it to start to correlate the Gaussian static measurements to the line dynamic patterning. Although the patterning mechanism is the same, the presences of structures is much higher in the laser line processing.

We can try to explain this phenomena by using a generalized version of the previous result and the characteristic time obtained through in-situ videos. First the generalized previous result: shorter times in liquid state produces a higher density of particles. Then, we used the fast-microscopy (Subsection 2.3.4 Chapter 2) to acquire videos of patterning of samples. We observed that the patterning occurred instantaneously for acquisitions at 1300 fps. This result give us a maximal cap of the time scale of patterning below 0.77 ms (time between each frame), which is 5 times lower than the minimal time above the melting point observed for TiN 30 Al 10 samples. By combining these results, the laser line processing would produce patterned regions much denser in structures, in accordance to what is observed experimentally.

4. Thermal dependency of the patterning -4.8. Summary

Summary

To perform the thermal measurements, a dedicated set-up was implemented. The set-up with moving samples processed by a laser-line was modified to study a static sample irradiated with a large Gaussian beam. In this new set-up, we proposed to analyze the maximal temperature through a linearized laser parameter P t, where P is the laser power and t the pulse duration. Through this method the IR thermal acquisitions pointed out to a liquid state patterning. By combining this information with the results of the previous section, wrinkle mechanism is the most probable patterning mechanism.

These modifications on the set-up impacted the structures and we can look at these different structures from the wrinkling point of view. Indeed, the structures passed from organized islands and lines (dynamic laser-line) to points structures or lines radially oriented towards the intensity peak (static Gaussian beam). When comparing the lines structures obtained in both cases, these different structures strongly resemble the non-linear model results obtained in the work of Huang (Z. Y. Huang, Hong, and Suo 2005). In their work, by forcing the strain only in a circular zone, they created lines radially oriented only in the strained zone (Figure 1.52(a)). In the case that a rectangular zone had a strain with different anisotropy in the x and y-axis, zigzags or straight lines in the vertical direction were obtained (Figure 1.52(b)). Transposing their results in ours, this could explain the direction of the lines structures. In the static Gaussian beam, the radially oriented lines are occurring because only a circular zone is melted, in accordance to the beam shape. As in the case of laser-line, the lines are appearing because there is a rectangular melted zone, also in agreement with the beam shape.

These thermal acquisitions were useful to determine the minimal temperature of patterning, but unfortunately we could not use them to obtain a correct evaluation of the peak temperature during pattern, as the emissivity changed due to patterning and/or temperature. A complementary approach would be to use the set-up developed to measure the in-situ variation of reflection and transmission (Subsection 2.3.6 of Chapter 2) to obtain the variation of absorption. In this case, we could obtain an absorption dependent in time and temperature for each acquisition. This absorption could be inputted in a finite elements thermal model producing a more precise thermal model, for example developed with COMSOL software, as it has been initiated in this work.

Discussion

This chapter analyses the mechanisms responsible for patterning and discuss it. The chapter presents experiments varying the laser polarization and wavelength which confirmed that the mechanism is a non-coherent mechanism. Then, we demonstrate that structures could not be formed without a capping layer, result that point out to a wrinkle mechanism. Finally, we developed a linear stability model to study the wrinkling in our case. 

Chapter content

Non-coherent patterning

When talking about laser patterning a very studied types of structures are LIPSS (laserinduced periodic surface structures), which are a universal phenomenon and can be generated on almost any material upon irradiation with linearly polarized radiation. LIPSS are obtained through coherent mechanisms of interference, exhibiting a clear correlation to the wavelength and polarization of the laser. These structures emerge as a surface relief composed of (quasi-) periodic lines, which exhibit a clear correlation to the wavelength and polarization of the radiation. These structures can be generated on almost any material (metals, semiconductors, and dielectrics) and are formed in a huge range of pulse durations, ranging from continuous wave irradiation down to only a few femtoseconds (fs) [START_REF] Bonse | Laser-Induced Periodic Surface Structures-A Scientific Evergreen[END_REF]). To confirm that our structures were not LIPSS, we tested different laser with different duration and wavelengths and as well polarization.

To test if the polarization state of the beam had an impact on the obtained structures, we added a linear polarizer to laser set-up available at Institut Fresnel, since the laser beam is not polarized. The polarizer was used to polarize the beam vertically or horizontally and to perform scans in these two states. No change on the obtained structures could be observed, indicating that the patterning mechanism is not dependent on the polarization state.

The second point was the structures obtained with other lasers. For this, we tested a nanosecond pulsed (15∼20 ns) UV laser (343 nm) with the beam shaped as a line in one direction (100 mm) and as a Gaussian in the other direction (FWHM = 30 µm). The frequency used was of 10 KHz. Two samples with 30 nm and 150 nm of Al were tested and produced patterns of islands and lines (Figure 5.1). The islands were not completely separated, but were organized is the scan direction. Their diameter was of 2.4 µm, very close to what was observed for the IR-CW laser at Saint-Gobain Research (2.5 µm). The lines structures followed the laser scan direction and had large periodic irregularities ( 13.5 µm). These lines were perpendicular to laser scan direction with a period 3.2 µm, lower than the one obtained using CW, which was around 5.8 µm. As it was observed from the different period results obtained, the periods of these structures are not proportional to wavelength of the laser.

As no clear dependency is observed on the wavelength nor on the polarization direction of the laser tested, the mechanism responsible for creating such structures is not originated from an interference coherent mechanism. Therefore, these structures are yield by a non-coherent mechanism of patterning, like wrinkling or dewetting. Finally, the results obtained here were not possible without capping layer. The necessity of such layer is a strong indication of the wrinkling mechanism, as it is through the layer that the system will acquire its shape (Martinez, Papagiannouli, Descamps, et al. 2020)). For instance, Figure 5.2 shows the surface of uncapped Al samples after laser processing just before the speed of laser delamination. It can be observed that no structures are formed after this laser processing, indicating a wrinkle mechanism. This trend is completely different of a dewetting expecting trend, as the capping layer in the case of dewetting would be used to prevent the formation of the structures and not to induce their appearance (Kline and Leonard 2005). By taking into account these last results, the different morphologies obtained and the period dependency on the Al and capping layer thickness, all of them point out to a wrinkle mechanism. Therefore, we will study in the next section the linear stability model representative of our stack. Observing for instance, if we can obtain by modeling the period of the experimental structures.

Model of our system

In Chapter 1, the instability problem of an elastic film on a liquid viscous layer that lies on a rigid substrate was presented. As discussed there, different solutions can be proposed considering different approximations. In this problem, the elastic film could wrinkle to reduce its elastic energy. In this section, we propose to apply the exact solution to this problem (R. Huang and Suo 2002a) through a linear stability model considering our studied system. Thus, the proposed mechanism is that during the laser treatment, the metallic layer melts and behaves like a viscous liquid layer, which means that the stressed dielectric capping layer can relax. The dielectric bottom layer and the glass substrate form the rigid substrate, as shown schematically in Figure 5.3.

Figure 5.3.: The scheme of the proposed wrinkling mechanism in our system. On the left is the as-deposited state and the compressive stress of the dielectric layer is indicated by the unfilled arrows. Upon laser processing, the aluminum layer melts and the system achieves wrinkling, as shown on the right.

In the following of this section, the equations of the model are remembered (Subsection 5.2.1), then the values from the literature and measurements are presented (Subsection 5.2.2) and finally, an example with fixed thicknesses for each composite layer is studied (Subsection 5.2.3). In this example, the impact of different values of measured stress and the elastic modulus and viscosity obtained from the literature are investigated. Then some limitations of this model are discussed. Afterward, the model is analyzed by studying the effect of metal layer thickness (Subsection 5.2.4). The limitations of the model are encountered and discussed, and another approach to analyze the problem is proposed (Subsection 5.2.5). The extent of validity of this refined model is also discussed. Finally, this section concludes by examining the different morphologies qualitatively from the view of this refined model (Subsection 5.2.6).

5. Discussion -5.2. Model of our system

Main equations

Before entering in the discussion of the results of the model in our case, let us first review some equations of the model, which are described in more details in Chapter 1. The solution of the equations proposed here was first developed by Huang and Suo in their work (R. Huang and Suo 2002a).

The elastic layer, here the dielectric capping layer, has thickness h f . The elastic film is compressed by a stress σ 0 , resulting in a compressive strain ϵ 0 . With E as the Young's modulus and v as the Poisson's ratio of the film, the stress and strain during elastic behavior are related by:

σ 0 = E ϵ 0 (1 -v) (5.1)
The in-plane membrane force (N), normal (q) and shear (τ) tractions are related to the in-plane displacement (u) and deflection (w) through the linear plate theory. They are schematically presented in Figure 5.4. As reminder, the deflection w is the deformation in the z-axis of the elastic film, while the in-plane displacement will be the deformation in the x-direction of the same film. The differential equations relating all these values are:

q = - E h 3 f 12(1 -v 2 ) ∂ 4 w ∂x 4 + N ∂ 2 w ∂x 2 + τ ∂w ∂x (5.2) τ = ∂N ∂x (5.3)
Figure 5.4.: The scheme of in-plane membrane force (N), normal (q) and shear tractions (τ) in play at the bottom surface of the elastic film.

Under the limit of small perturbations amplified in time, the in-plane displacement (u) and the deflection (w) are:

w(x, t ) = A(t ) sin(kx) (5.4) u(x, t ) = B (t ) cos(kx) (5.5)
Where A and B are time-dependent small amplitudes and k is the characteristic 5. Discussion -5.2. Model of our system wavenumber. In this form, the in-plane membrane force (N), normal (q) and shear (τ) tractions that the elastic film is subjected in its bottom surface are:

N = E ϵ 0 h f (1 -v) - E h f 1 -v 2 B (t ) sin(kx) (5.6) τ = - E h f k 2 1 -v 2 B (t ) cos(kx) (5.7) q = E h f k 2 12(1 -v 2 ) (-12(1 + v)ϵ 0 -(kh f ) 2 )A(t ) sin(kx) (5.8)
These equations are then related to the equations of a viscous layer in a flat surface, as in R. Huang and Suo 2002a. Solving the system of coupled equations issued from it, A(t) and B(t) are given by:

A(t ) = A 1 exp(s 1 t ) + A 2 exp(s 2 t )
(5.9)

B (t ) = B 1 exp(s 1 t ) + B 2 exp(s 2 t ) (5.10)
in which s 1 and s 2 are the two eigenvalues. They are given by:

s 1 = 1 2   (α -β) + (α -β) 2 + 4αβ 1 - γ 2 12 γ 11 γ 22   (5.11) s 2 = 1 2   (α -β) -(α -β) 2 + 4αβ 1 - γ 2 12 γ 11 γ 22   (5.12)
Where γ 11 , γ 22 and γ 12 are dimensionless coefficients (see R. Huang and Suo 2002a for a precise description) and α and β are:

α = Ekh f 24η(1 -v 2 ) (-12ϵ 0 (1 + v) -(kh f ) 2 )γ 11 (5.13) β = Ekh f 2η(1 -v 2 ) γ 22 (5.14) γ 11 = 1 2 sinh(2kh L ) -2kh L (kh L ) 2 + cosh 2 (kh L ) (5.15) γ 22 = 1 2 sinh(2kh L ) + 2kh L (kh L ) 2 + cosh 2 (kh L ) (5.16) γ 12 = γ 21 = 1 2 (kh L ) 2 (kh L ) 2 + cosh 2 (kh L ) (5.17)
In this model, the mode that will prevail in the end is the one given by the fastest 5. Discussion -5.2. Model of our system growing mode of s 1 . The fastest growing mode will then be obtained for a wavenumber such that:

∂s 1 ∂k k=k max = 0 (5.18)
The wavenumber (k) and characteristic wavelength, or period, (Λ) are related by:

k = 2π Λ (5.19)
By knowing the stress of the capping layer, its thickness, the thickness of the liquid layer, and other important values taken from the literature, the growth rates s 1 for different wavenumbers and different thickness of elastic and liquid layers could be calculated. In our case, the elastic layer is the dielectric capping layer and the liquid layer is the metallic layer.

5. Discussion -5.2. Model of our system

Input values

To use this model, it is necessary to obtain information on mechanical properties of the different materials used. Young's modulus and Poisson's ratio values for various capping dielectric layers were found in the literature and are summarized in the Table 5.1. The Young's modulus of the different layers can vary depending on the reference used, so we first used the average value as a representative way of describing it and to provide some initial insights. Afterwards, other values were explored.

Dielectric material ZnO Si 3 N 4 AlN

Young's modulus (min) (GPa) 110 [1] 150 [4] 215 [7] Young's modulus (max) (GPa) 130 [2] 175 [4] 270 [8] Young's modulus (avg) (GPa) 120 162 242

Poisson's ratio 0.30 [3] 0.27 [5] 0.21 [7] CTE (x 10 -6 °C-1 ) 5.6 [3] 3.3 [6] 4.4 [8] Table 5.1.: Another key information is the stress of the capping layer. The stress of different capping layers were measured in thin glass. These results are given in Table 5.2. As it was the case of the Young's modulus, the procedure was to first study a representative average value of stress and then further explore other values.

The only remaining value needed from the literature is the viscosity of the liquid layer. In the case of aluminum, its viscosity η Al varies between 0.7 and 1.7 mPa.s [START_REF] Dinsdale | The viscosity of aluminium and its alloys-A review of data and models[END_REF]. Following the same procedure, an average value was used and a sensitivity study was then performed. 

Discussion

15 nm aluminum film encapsulated by ZnO

The first example studied is of an 15 nm aluminum film encapsulated by a 80 nm of ZnO as capping layer and 40 nm of Si 3 N 4 as bottom layer, deposited in the classic soda-lime glass. In this case, let's first consider the samples sputtered in VMAG. In this case, we assume a thickness of the capping layer (h f ZnO ) of 80 nm, a Young's modulus of ZnO (E ZnO ) of 120 GPa, a Poisson's ratio (v ZnO ) of 0.3, and the stress (σ 0 ZnO ) of -600 MPa.

Using the linear elastic Equation 5.1, the strain of the capping layer (ϵ 0 ZnO ) is -0.35%. In order to calculate the values of our model, the other remaining information needed is the thickness of the metallic layer under study and its viscosity. As mentioned before, the thickness (h L ) is 15 nm and the aluminum viscosity considered is (η Al ) 1.2 mPa.s.

To compare this result with the experimental results, the experimental values of the parallel and perpendicular wavenumbers were calculated, respectively, k ∥ and k ⊥ . They were obtained by converting the period of measurements in each direction into wavenumbers. As a reminder, these values were presented and discussed in Chapter 3, Subsection 3.2.3. The micrograph of the respective stack studied in this subsection is presented in Figure 5.5.

These calculated wavenumbers are then used in the s 1 Equation 5.11 for a given set of input values. As discussed in the Chapter 1, Section 1.3, structures with different wavenumbers than the one with the fastest growth rate are possible. For a given specific wavenumber (k obs ), these structures are more likely to emerge because the observed pattern has a growth rate (s 1 (k obs )) closer to the peak growth rate (s 1 (k max )) of the fastest wavenumber (k max ). Therefore, wavenumbers of the same order of magnitude as the peak growth rate are more likely to occur in the structure, even more so if we take into account the short time that the metal is in the liquid state. Therefore, the importance of analyzing s 1 values of the different measured wavenumbers, k ∥ and k ⊥ , is justified. It is reassuring that we are describing the right mechanism if s 1 (k ∥ ) and s 1 (k ⊥ ) values are closer to that of s 1 (k max ). Values too different are an indication that the observed mechanism is not the one proposed here, or that some important phenomenon is beyond the scope of the proposed model. The dependency of the growth rate s 1 on the different wavenumbers is displayed in Figure 5.6. It can be seen that s 1 is positive for wavenumbers below a critical value (k c ). Then, between 0 and k c , s 1 reaches a maximal value (s 1 (k max )). The wavenumber of this maximal value is the fastest growing wavenumber (k max ). In our case, k max is 2.385 µm -1 , and, by converting k max in its respective period, Λ max is 2.635 µm. The value of s 1 (k max ) is 1.213 x 10 5 s -1 .

As it could be observed, the calculated peak wavenumber k max is on the same order of magnitude of the measured wavenumbers and is in between them both. k ⊥ is 2.744 µm -1 and k ∥ is 1.887 µm -1 , respectively, higher and lower wavenumbers than k max , which is 2.385 µm -1 . In the case of periods, k ⊥ is 3.33 µm and k ∥ is 2.29 µm, as the calculated value Λ max is 2.635 µm. The values of growth rates are also in the same order of magnitude: s 1 (k ⊥ ) is 0.831 x 10 5 s -1 and s 1 (k ∥ ) is 0.749 x 10 5 s -1 , while s 1 (k max ) is 1.213 x 10 5 s -1 . These results are a good indication that our model is representative of the physics taking place in this case.

5. Discussion -5.2. Model of our system This difference between the measured values and the model is expected because the model proposed here is one-dimensional and uses average values, including the stress one, for calculating the fastest growth wavenumber. However, since the measured stress values presented anisotropy, these differences may be correlated and deserve more attention. The remaining of this subsection examines various values of stress, Young's modulus, and viscosity to understand how they affect the calculated values of k max and s 1 .

The different values of stress are explored using the values σ x and σ y given in the Table 5.2. These stresses from the table show that: |σ y | < |σ mean | < |σ x |. These results are presented in the Figure 5.7, by testing different values of σ 0 ZnO . By altering the stress value σ 0 ZnO , the strain ϵ 0 ZnO also varies linearly (Equation 5.1). In this case, s 1-mean is the value of s 1 explored in the previous paragraphs, and s 1-x and s 1-y are the values explored using, respectively, σ x and σ y . The fastest growth wavenumber for σ y , σ mean and σ x is, respectively, 2.283 µm -1 , 2.385 µm -1 and 2.482 µm -1 . In period, Λ max-y is 2.752 µm, Λ max-mean is 2.635 µm and Λ max-x is 2.531 µm. In Figure 5.7, it can be observed that the different stresses σ 0 ZnO had a great influence in the peak wavenumber k max . As the stress absolute value of σ 0 ZnO increased, i.e. the ZnO layer was in stronger compression, its maximum wavenumber k max and growth rate s 1 (k max ) also increased, on the other hand its period Λ max decreased. Nonetheless, these different values, while narrowing the gap between the calculated and measured values, are still insufficient to explain the observed differences in each direction.

After examining the effect of different stress, we shall look at the different values found of Young's modulus and viscosity in the literature.

In Figure 5.8, the results of the model with three different Young's modulus of ZnO were explored. These values are indicated as k max-min , k max-mean or k max-max according to the the value used of Table 5.1. The effect of Young's modulus on strain is inversely proportional to the stress. Therefore, as the Young's modulus increases, the wavenumber peak position and the peak growth value of s 1 decrease. This decrease is not as large as a stress variation because s 1 is linearly dependent on E, as it can be seen from its Equation 5.11. 5. Discussion -5.2. Model of our system of Al capped by a 80 nm-thick ZnO layer considering three Young's modulus: E ZnO min , E ZnO mean and E ZnO max . The fastest growth wavenumber is, respectively, 2.491 µm -1 , 2.385 µm -1 and 2.291 µm -1 . In period, Λ max-min is 2.523 µm, Λ max-mean is 2.635 µm and Λ max-max is 2.742 µm.

In Figure 5.9, three aluminum viscosity (0.7, 1.2 and 1.7 mPa.s) were chosen, and each s 1 function was named, respectively, s 1-min , s 1-mean and s 1-max . It can be observed that the viscosity value did not affect the peak position of s 1 , being k max-min = k max-mean = k max-max . Instead, only the growth rate of each peak s 1 (k max ) was affected. As the viscosity increased, the growth rate decreased because it is linearly dependent of η -1

Al , as can be seen from the Equation 5.11 for s 1 . Through this study, the dependence of the growth rate s 1 and the fastest growth wavenumber k max on different input parameters was studied. We observed that the compressive stress value affects the wavenumber position of the s 1 peak and its value. As the stress decreases (i.e. increases its compressive value), the peak growth rate and its wavenumber also increases. A variation in Young's modulus has impacts on the location and value of the peak, as it also has an effect on the strain. Then, as the Young's modulus increases, the peak wavenumber and its growth rate also reduce. The last value studied was the viscosity of the aluminum. As the viscosity increased, the peak position remained the same, but the growth rate decreased. Even after exploring these different values, the difference between the measured wavenumbers and calculated fastest growth wavenumber remained. Although the anisotropy of the stress might help us understand some of the reasons behind this, this impact seemed insufficient to explain all the differences observed. Some explanations could be behind this. First: all the stresses considered here were measured at ambient temperature, and heating would certainly vary the stress of the capping layer due to the mismatches between CTEs. Second: the model used here takes into account a one-dimensional oscillations on an infinite plate, which is by no means the case in our current experiments. In our experiments, our oscillations have two dimensions. Then another point is the infinite plate. In our experiments, the considered plate is finite, with different size in each direction. In the parallel to the laser scan direction, the size of the laser is in the order of hundred of micrometers, and in the order of millimeters in the other direction. Another effect to consider is the shape of the laser and how this is going to induce variations in the heating zone, since it is a uniform line in the large axis and a Gaussian in the short axis.

In the following subsections, the thickness of the metallic and dielectric layers will be varied to understand its impacts on the behavior of our system.

Various thickness aluminum films encapsulated by ZnO

The growth rate s 1 dependency on different aluminum thickness (h L ) are shown in Figure 5.10, for Al thickness giving organized islands patterns, and Figure 5.11 shows the same for Al thickness of the zigzag patterns. It can be observed that the growth rates vary widely between each range of thickness. For islands, the fastest growth rates are below 10 7 s -1 , while for zigzags they are almost around 10 9 s -1 . 5. Discussion -5.2. Model of our system

As in the previous subsection, we were able to compare these calculated values with our experimental values by converting the measured periods of the studied samples into wavenumbers. Figure 5.11 shows these results. The upper graph compares the calculated k max and measured values of wavenumbers for different aluminum thickness. The calculated values are nearly constant as they increase by 10 -3 µm -1 with the thickness of the aluminum. This is by no means representative of the experimentally observed results. In the lower image, the same information is displayed, but for the period, or characteristic wavelength, of these structures. These results are indicating that our model in this state had severe limitations of representing the patterning phenomena.

Figure 5.11.: In the upper image, the experimentally measured and the fastest growth wavenumbers dependency on the aluminum thickness for aluminum stacks of various thickness capped by a 80 nm-thick ZnO. In the lower image, the same information displayed as period.

5. Discussion -5.2. Model of our system These analyses could be developed further with the help of Figure 5.12. Since the growth rate s 1 is a function of the wavenumber, we could calculate their different values for the experimentally measured wavenumbers (s 1 (k ⊥ ) and s 1 (k ∥ )) and compare them with the calculated values of the fastest growth rate s 1 (k max ) for different aluminum thickness. These values are shown in Figure 5.12. For the different measured wavenumbers, their growth rate was about 10 7 s -1 and remained around that as the aluminum thickness increases. On the other hand, the calculated fastest growth rate increases exponentially with aluminum thickness, which is quite different from the behavior obtained from the experimental data. Thus, also indicating that our model is not representative of the phenomena taking place during patterning.

Figure 5.12.: The growth rate of the various wavenumber dependency on the different thickness of aluminum for the same stacks.

This model was supposed to take into account the effect of liquid layer thickness, but the results were quite different from the experience. These results suggest that our model has limitations in describing the dependence of the fastest growth wavenumber on aluminum thickness and it is not representative of all the mechanisms that take place during patterning. Some of the reasons for this have been discussed in the previous subsection and deserve more attention now.

5. Discussion -5.2. Model of our system

Refined model

The model presented in the last section did not take in consideration the fact the structuring takes place at a temperature higher than the melting point of aluminum. As mentioned earlier, the stresses of the capping layers considered were measured at room temperature and heating definitely affects these stresses due to the mismatch between the CTEs. The Al layer changes phase from liquid to solid state as well. Therefore, a more precise model should take into account both of these effects.

To account for the thermal stresses created during laser processing, we propose to use a simple model that considers a multilayer system in a substrate at a uniform temperature. This model allows us to determine the stress distribution within this system. We propose to use this model as an a way to estimate the stress in the capping layer at the moment of aluminum melting.

To account to the Al phase change, we propose that due to the melting of the aluminum, the only layer that will affect the stress of the ZnO capping layer will be the aluminum. The stress generated due to CTE of Al in liquid phase is not taken into account in this model, only the stress generated from the room temperature to the aluminum melting point. In other words, we propose to approximate the stresses in the capping layer by considering the aluminum layer and the encapsulating layer as an "isolated" double-layer system, "released" from the stack.

Another important information is that the temperature distribution along the thickness of the substrate is not uniform in the laser flash heating. However, through the COMSOL simulations of the laser heating (not shown here), we observed that the temperature of each thin layer is very similar.

Let us start by describing of Hsueh, which was described in more details in his work [START_REF] Hsueh | Thermal stresses in elastic multilayer systems[END_REF]. The main principal equations are given in the next paragraphs. Considering the z-axis defined as in the Figure 5.13, the total thermal strain (ϵ th ) in the system is formulated by:

ϵ t h = c + z -t b r (for -t s ≤ z ≤ h n ) (5.20) 5. Discussion -5.2

. Model of our system

Where z = t b is the location of the bending axis, r is the radius of curvature of the system and c is the uniform strain component. The values c, t b and r can be determined by the following equations using the materials parameters: α the thermal expansion coefficient, E the Young's modulus and v the Poisson's ratio, being subscribed with 1 to n in the case of one of the layers or s if it is the substrate.

Then, c is defined as:

c = E s t s α s + n i =1 E i t i α i ∆T E s t s + n i =1 E i t i
(5.21)

And t b is:

t b = -E s t 2 s + n i =1 E i t i (2h i -1 + t i ) 2 E s t s + n i =1 E i t i (5.22)
Finally, r can be written as:

1 r = 3 E s (c -α s ∆T )t 2 s -n i =1 E i t i (c -α i ∆T )(2h i -1 + t i ) E s t 2 s + (2t s + 3t b ) + n i =1 E i t i [6h 2 i -1 + 6h i -1 t i + 2t 2 i -3t b (2h i -1 + t i )]
(5.23)

The thermal stress (σ th ) in the films is then related to thermal strain by:

σ t h = E i (ϵ t h -α i ∆T ) (for i = 1 to n) (5.24)
In this case, the thermal stress considered is the average stress in the capping layer, obtained by calculating the thermal stress using the thermal strain obtained at z = h n -0.5t n .

In order to use the model described above, in addition to the mechanical properties of the dielectric layers (see Table 5.1), the properties of glass and solid-state aluminum were used. For the aluminum, the properties varied according to the reference values used in the literature (S. Lee, Y. Y. [START_REF] Lee | A Comparative Study on the Elastic Characteristics of an Aluminum Thin-Film Using Laser Optical Measurement Techniques[END_REF]. Representative values of E Al = 70 GPa, ν Al = 0.35 (S. Lee, Y. Y. Kim, and Cho 2017) and α Al = 23 x 10 -6 °C-1 [START_REF] Fang | On the thermal expansion coefficients of thin films[END_REF] were chosen. The considered values for the glass were: E Glass = 70 GPa, ν Glass = 0.22 and α Glass = 9 x 10 -6 °C-1 (from: https://uk.saint-gobain-building-glass.com/engb/architects/physical-properties).

The idea of this model is to study how the thickness of the metallic layer affects the stress on the capping layer of ZnO. To this end, our system was studied in three configurations: full system, full stack and the double layer Al and ZnO (Figure 5.14). These systems were then considered heated from 20 °C to 650 °C (approximation of glass t g ). These configurations were chosen assuming the release of the system in each case, with each released part then behaving as a completely separate system. The dependency of the stress generated in the ZnO layer due to the mismatch of CTEs on the aluminum thickness of the different systems is shown in Figure 5.15. It can be observed that the stress in the ZnO layer is constant in the case of the full system and of the full stack, but it increases in the case of the double layer system.

Here, we propose to analyze this problem by considering the double layer system. In other words, at the moment of melting, the aluminum layer only lies on the surface of the bottom layer. The system then behaves as if it was released from the bottom layer. More specifically, during laser processing, stress build-ups in each layer due to different CTEs. At the moment of Al melting, the bilayer system of Al and ZnO behaves as if it was detached from its bottom layer. The stress induced by the Al in the ZnO layer by the CTEs are now affecting the patterning, since the ZnO stress is the driving force of this patterning.

Similar considerations could be made on the full stack (bottom layer, metallic layer and capping layer). This would mean that the entire stack was released from the substrate, in other words, a delamination behavior. This phenomenon is possible, but it would not prevent the bilayer system of Al and ZnO to behave as it was released from the Si 3 N 4 bottom layer. In this case, this would manifest as dewetting with delamination, which was observed in some samples. The total stress in the ZnO layer at the moment of structuring could be obtained by calculating the stress induced by Al on ZnO during heating from 20 °C to 660 °C (aluminum melting point) and adding it to the as-deposited stress (Figure 5.16). The as-deposited stress of the ZnO was obtained through thin glass measurements of a ZnO monolayer, so it is a compressive stress and it is assumed to be constant for different aluminum thickness. The thermal stress was observed to be tensile and its intensity increases with aluminum thickness. The resulting stress here considered is compressive, but it reduces its intensity with increasing aluminum thickness. For thickness of 300 nm of aluminum, the resulting stress is close to zero. This resultant stress could then be introduced into the model as σ 0 for different aluminum thickness.

This modified model proposes the following: during laser processing, the metal layer melts and behaves like a viscous liquid layer, allowing the stressed dielectric capping layer to relax. The stress in the capping dielectric layer is not only the stress of the deposition process, but also the thermal stress generated during the heating process. This thermally induced stress is due to the mismatch in the CTEs of the capping dielectric layer and the aluminum layer. We propose that they behave like a system independent of the rest of the stack and behave like a released bilayer due to the melting of aluminum. Therefore, the thermal stress under consideration ranges from room temperature to the melting point of the metallic layer. Introducing the resulting ZnO stress into the model completely changed the behavior of the system. The calculated growth rates for each metallic thickness are shown in Figure 5.17. Unlike before for constant stress (Figures 5.10 and 5.11), the s 1 -modes are in the order 10 7 s -1 for all metallic thickness. Each s 1 curve is also shifted to the left, with a lower peak value, as the aluminum thickness increases. This behavior can be explained by the overall stress in the ZnO layer. As shown in Figure 5.7, reducing the ZnO compressive stress means reducing the peak wavenumber and its growth rate. The same phenomenon is observed here, as the resultant compressive stress in the ZnO layer decreases with increasing aluminum thickness considering the released bilayer model (Figure 5.16).

Figure 5.17.: The dependency of the growth rate on aluminum thickness for stacks of various aluminum thickness capped by a 80 nm-thick ZnO layer considering the released bilayer system.

The k max and s 1 (k max ) were obtained for different aluminum thickness. Figure 5.18 shows the different characteristic wavenumbers from the model and also the ones measured experimentally for different aluminum thickness. The values by the model and those measured showed similar behavior. It can be observed that the characteristic wavenumbers tended to decrease with increasing aluminum thickness, with values of the same order of magnitude between 0.5 and 3 µm -1 . The decrease in the characteristic wavenumber is due to the decrease of the compressive stress in the ZnO capping layer with increasing aluminum thickness, as shown in Figure 5.16. Considering the s 1 plots presented in Figure 5.17, different values of growth rate were obtained considering the experimentally measured wavenumbers, s 1 (k ⊥ ) and s 1 (k ∥ ), and calculated fastest growth wavenumbers, s 1 (k max ). These values are shown in Figure 5.19. As it can be observed, the value increased to a maximum growth rate around 150 nm of aluminum and then it decreases for the 300 nm. This behavior is related to the intensity of the values of the s 1 curves. Interestingly, however, unlike when the stress in the ZnO layer was constant (Figure 5.12), the growth rate in this case did not show an exponential increase indefinitely. The values of s 1 (k max ) being close to the values of s 1 (k ⊥ ) and s 1 (k ∥ ) is a good indication that our model is correctly representing some of the physical phenomena behind this patterning. Finally, the most visible feature of our system, the period or characteristic wavelength, was compared between the model and the measured samples (Figure 5.20). It could be observed that these values are of the same order of magnitude. Even more, their dependency on the aluminum layer thickness is similar: in both case the period increases with increasing aluminum thickness. Although the value did not increase as rapidly as in the experiment, the distance decreased in the 300 nm aluminum sample. This sharp increase is due to the fact that the resultant stress in ZnO is close to zero in this case. In other words, the tensile stress generated during heating almost compensates the as-deposited compressive stress of the ZnO layer.

To summarize, the addition of the thermal stress on the instability model has drastically improved the overall behavior of the model. Although, this thermal behavior needs to take in account the bilayer system of aluminum layer and their CTE to work, the obtained values of characteristic wavenumber and wavelength are in good approximations of the measured ones. In addition to that, the s 1 (k max ) obtained is on the same order of s 1 (k ⊥ ) and s 1 (k ∥ ), indicating that the mechanism proposed here offers solution in a reasonable approximation of the phenomena taking place during pattern.

5. Discussion -5.2. Model of our system The model proposed here also has some limitations: for example, at a certain aluminum thickness (around 320 nm in the case of this study), the resultant stress in the ZnO is zero, in which case patterning should not be observed. One possible explanation for observing patterns beyond this limit is to consider that not the entire the aluminum layer was melted upon laser heating. For example, with a thicker 500 nm aluminum layer, only 315 nm could be melted. In this case, the stress inputted to the model would needed to be calculated taking into account the melted thickness and not the entire deposited thickness. This could be a possible explanation on why patterning could be obtained for thicker aluminum layers.

Another limitation, is the measured stress of the ZnO layer. In the model considered here, we used the stress measured of a monolayer. The thickness of the aluminum layer could impact the as-deposited stress of ZnO. In this case, the stress of the entire stack must be measured and then reduced from measured stress of the partial stack with only glass, bottom layer and aluminum of varying thickness. By doing so it is possible to understand how aluminum thickness affects ZnO stress during deposition. Unfortunately, when this next step was perceived, there was no longer sufficient time to conduct theses experiments for this work.

The proposed release bilayer system helps us to explain the different characteristic wavelengths observed at different aluminum thicknesses. Still, the model is only a proposition of a possible mechanism that influences the driving force of this mode of patterning. Other phenomena are also possible and will be discussed from now on.

First starting by other limitations of this model. The model used here is that it considers an infinite plate. That was not the case at all in our experiments. The melting zone is limited to the area of the sample where the temperature reached was 5. Discussion -5.2. Model of our system above the melting point. Examples in the literature suggest that the size of this region zone can play a key role in the selection of the different patterns observed [START_REF] Parry | Stability diagram of unilateral buckling patterns of strip-delaminated films[END_REF]), and it would not be no surprising if this effect was also observed in our case, where a similar mechanism takes place. However, this effect may be limited since similar structures were observed between the experiments at the Fresnel Institute and those conducted at the Saint-Gobain research facility, being probably most related to the width of the beam than the size of the homogeneous line.

An example of a study considering an elastic film on a viscous substrate was also developed in the case of a plate with limited dimensions [START_REF] Chatterjee | Wrinkling and folding of thin films by viscous stress[END_REF]. In this study, the system was composed of a capping layer, a viscous liquid layer and a rubber stretched substrate with a specific dynamic. The bottom surface of the liquid layer was not stationary, but instead it was subjected to a specified strain rate due to the contraction of rubber stretched substrate. Thus, the capping layer was not pre-stressed as in our case, instead the compressive stress in the film develops with time. By contracting, the viscous stresses are transferred from the contracting rubber to the film via the liquid layer. Then the capping layer wrinkles. They observed that the wrinkling depends not only on the length of the plate under consideration, but also on the thickness of the liquid layer. Another interesting point is that they observed how the relaxation stress of the substrate affects the obtained structure, and in this case has a direct effect on the structure period. In our case, the main question would be whether the glass substrate would release its stress and whether this would affect the final wrinkle state. But how to apply this to our patterning, what effect this would have and how the bottom Si 3 N 4 layer would prevent this from happening, could be some important questions to investigate.

Then another limitation is related to the equations being solved in this model. We assumed that the surface of the rigid substrate and of the elastic film that will relax is flat (R. Huang and Suo 2002a), which is not the case. The samples have initial curvatures, which are intimately related to the stress within the stacks. Their initial curvatures, which vary with increasing metallic layer, could be an important parameter to study.

To continue the considerations, in our experiments the oscillation has two dimensions, and not only that, but the heating has very different shapes in each direction: in one direction it is a uniform line of the order of millimeters, and in the perpendicular direction it is Gaussian shaped beam of hundred of microns. These different regions and shape of heating could have an important implications for our system and deserve further study in future works.

Further work could look in the kinetic restrained models, which can be used to estimate the energy released according to periodicity and height of the obtained structures (R. Huang and Suo 2002b). These equations can also be used to estimate the characteristic time for the film to pass from 2D flat state to the wrinkled state. This model can be also used in the other capping layers tested, was not done due to lack of time.

Different morphologies

We can discuss the different morphologies obtained considering some results from the literature and our results of thermal acquisitions. As shown in Section 4.7 of Chapter 4, in the case of static Gaussian beam, the differences between points and lines structures were observed to be related to the maximal temperature achieved during laser treatment, the lines being present for higher temperatures. Cai observed in his work on wrinkling that the difference in patterns, in bi-axial strained layers, are related to the overstress. For lower overstress, points structures are expected, while for higher overstress zigzags are expected. (Cai, D. Breid, A. J. Crosby, et al. 2011). By transposing this result to our case, this would mean that at higher temperatues the overstress is higher than the overstress in lower temperatures, explaining the different structures observed.

We can us use this refined model to investigate the different morphologies qualitatively. In the case of the refined model, assuming that the CTE of melted Al is still higher than the CTE of the capping layer, the stress in the capping layer reduces as the temperature rises. This would mean that the structures observed that have a higher achieved temperature have a lower overstress to create the structures. This is contradictory to what was observed in the literature (Cai, D. Breid, A. J. Crosby, et al. 2011). Therefore, this can be an indication that these structures have to observed not only from the perspective of the stress at the melting point in rising temperature, but also considering a varying stress in the liquid state: from its rising temperature up to the peak temperature, then the decrease down to its melting point. In this case, the period of the structures would be determined at their melting point, and the structures morphology later on, in accordance to what was observed in the literature (Derek Breid and Alfred J. Crosby 2009; Derek Breid and Alfred J. Crosby 2011).

5. Discussion -5.3. Summary

Summary

This chapter provided the remaining pieces of the puzzle behind the patterning mechanism. We discussed the wrinkling mechanisms first from a linear stability analysis perspective, and found limitations of this model to predict the impact of the Al thickness on the period. Some effects could be behind this, like: the dynamic configuration of a moving sample and the thermal stress generated. To consider the first one we could not use this linear stability model, as we have impact of boundary conditions. Thus, we explored the thermal stress generated by observing its contributions to the stress of the capping layer. The evolution of the thermal generated stress in the capping layer is not easy to discuss as this is a system not in equilibrium with a phase change included.

We proposed to take into account the thermal stresses created during laser processing by using a simple model that considers a multilayer system in which all layers are at the same temperature. We then accounted the Al phase change by proposing that due to the melting of the aluminum, the only layer that will affect the stress of the ZnO capping layer will be the aluminum layer. The stress generated due to CTE of Al in liquid phase is not taken into account in this model, only the stress generated from room temperature to the aluminum melting point. In other words, we propose to approximate the stresses in the capping layer by considering the aluminum layer and the encapsulating layer as an "isolated" double-layer system, "released" from the stack. This model allowed us to determine the stress distribution in the capping layer at the moment of aluminum melting. By considering this stress in the linear stability model, we could recover the dependence of the period of the structures on the Al thickness, as observed experimentally.

Finally, we briefly discussed the different experimentally obtained morphologies from the perspective of the wrinkling mechanism. Using our refined model and literature results, we proposed that the period of the structures are determined at the melting point of Al. In terms of structural morphology, during the brief moment when aluminum is liquid, from heating to peak temperature to cooling to aluminum melting point, the different morphologies will appear due to the thermal stress variation in the capping layer.

An improvement of our refined model would be to take into account the energetic contribution of creating new surfaces. Qualitatively, as the capping layer is relaxing its compressive stress forming wrinkles, new surface is created on the interface of the capping layer and the metallic film, due to the relaxation of compressive stress. This goes into the opposite direction of the reduction of the surface energy. A new equilibrium then would be found in the state that minimizes both the elastic energy of the capping layer by wrinkling and the surface energy of the system, in a contribution similar to dewetting.

Conclusions and perspectives

General conclusions

This study has two objectives: i) obtain laser-patterning on metallic films encapsulated by dielectrics deposited on soda-lime glass using well-established industrial technology and ii) study the mechanisms present in this patterning.

The first results are in the first category. Among the different metals tested under the same encapsulation conditions, only Al did not present problems of adhesion, delamination or irregular structures after laser processing. The aluminum layer encapsulated by dielectrics of different thicknesses and natures could be patterned presenting random or periodic reproducible structures without cracking appearing in the patterned film. As the Al was the best metal tested, it was systematically used in our experiments. The obtained structures are characterized by a distribution of the height/thickness of the aluminium layer along the horizontal axis, with a given period, a maximum height at the level of the peaks (center of the islands or zigzags/lines), and low residual quantities of aluminium at the level of their valleys. We were able to observe that the encapsulation layer perfectly covered the aluminium structures obtained, without variation of thickness of this last. On the other hand, no structuring could be observed on the lower layer or on the glass substrate. According to the stacking bottom layer, voids were however present in these metallic structures, specifically in the aluminum layer. The bottom layer was observed to play a major role on the presence or absence of these porosities inside the Aluminium structures. Indeed, for stacks with a bottom layer of 30 nm of TiN directly in contact with the Al layer, the obtained structures did not present any defect whereas in the case of a bottom layer of Si 3 N 4 directly in contact with Al, the structures present numerous porosities. The mechanisms of appearance of such porosities is still not clear: it could be related to adhesion properties of TiN or a possible barrier effect of this last. Although, the mechanism for these porosities was not defined, they were observed to form below the Al melting point.

The aluminum thickness had two impacts on these structures. Different structures were obtained depending on the Al thickness for the same encapsulation conditions. In the case of an encapsulation made of 40 nm of Si 3 N 4 as bottom layer and 80 nm of ZnO as capping layer the obtained morphologies were, in increasing order of thickness, random islands, organized islands or zigzags. It was also observed that the period of the structures (within identical structure) increased linearly with the thickness of the metal layer, for similar encapsulation conditions. The material of the capping layer also strongly influences the formation of the patterns. Indeed, AlN was tested and according to the conditions of deposition of the encapsulating layer, patterns in the form of zigzags or 1D lines were obtained according to the direction of the laser (all Conclusions and perspectives other conditions being equal). The capping layer thickness also had an impact close to linear on the period of the structures.

These different trends were representative of a wrinkle mechanism more than a dewetting mechanism: the variety of morphologies and the impact of the capping layer thickness and nature on the period of structures pointed out to a wrinkling mechanism, as the linear increase of period with increasing metallic thickness could point to both, wrinkling or dewetting mechanisms. However, for a wrinkle mechanism to be valid, it would require that the formation of the structures takes place in the liquid state, i.e. above the melting temperature of aluminium. This justified the in-situ thermal measurements performed during laser processing.

We developed and used measurements with IR thermal cameras to study the thermal dependence of the phenomena involved. The first thermal acquisitions during treatments using a laser in line form (to match the case of both set-ups) proved to be limited due to the insufficient spatial resolution of the camera. To overcome this issue, we finally used a Gaussian beam (FWHM = 4.230 mm) allowing the irradiated area to correspond to several pixels on the camera. To simplify the problem, we also decided to leave the sample and the beam statics. Thus, the irradiation time could be controlled from 20 ms to 2 s.

To evaluate the accuracy of the thermal measurements, we studied the evolution of the optical properties with temperature and structuring, more specifically the absorption and the emissivity. The absorption was measured to increase with patterning and theoretical model results from the literature showed that it increased with temperature. The emissivity was measured to increase with patterning and experimental results from the literature showed that it can increase or decrease with temperature. From these results, we proposed to analyze the maximum temperature obtained during the thermal acquisitions using a linearized parameter related to the laser processing conditions (depending on the power (P) and pulse duration (t)). In this case, the temperature increase at the sample surface is proportional to P t for constant optical parameters (absorption and emissivity). At high temperatures, with a sudden change of the optical properties either due to melting or patterning, we found that this linear relationship was no longer valid, and that the moment when we deviated from this linear dependence corresponded well to the appearance of structures on the samples. This linear temperature dependence was respected until the highest temperature before structuring, which was respected at least until the melting temperature. As the structuring temperature systematically exceeded the maximum temperature of this linear relationship, this result seems to confirm that structuring takes place in the liquid state.

We still performed some additional testing to confirm that this patterning was indeed through wrinkling and not other mechanism. First, we observed that our structures were invariant to laser polarization. Second, we observed by using a nanosecond pulsed UV laser that the period of such structures could increase or reduce according to the sample tested. As the properties of the obtained pattern were not proportional to the laser wavelength used to obtain them, neither their direction were dependent on polarization, we confirmed that the mechanism was indeed a non-coherent one.

Finally, another result related to the capping layer turned even more the balance towards wrinkling. The capping layer has different effects for each mechanism: for dewetting, the capping layer prevents the formation of the structures, while for wrinkling, no pattern is observed without the capping layer. This last trend was the result observed experimentally, since no patterning was never observed without capping layer in our systems.

All experimental evidences pointing to structuring in the liquid state by a wrinkling mechanism, we have therefore developed a linear stability model to try to reproduce the main trends obtained experimentally. The first results without taking in account the heating effect on the stress of the layers were limited. Among the different elements that could explain these limitations, we proposed a refinement of the model by approximating the stress generated due to heating and Al phase change. Indeed, according to our thermal measurements, the structuring takes place at a temperature higher than the melting point of aluminum. The stress of the encapsulation layer was measured at room temperature in our case. The latter could indeed be affected by the temperature increase due to the CTE of the different materials used. A complete analysis should therefore certainly take this into account. The second element is that the aluminum layer being in the liquid state, it could have a direct impact on the stress of the encapsulating layer located above. Therefore, we proposed to approximate the stresses in the stack by considering the aluminum layer and the encapsulating layer as an "isolated" double-layer system. In this two-layer system, by considering the CTE of the material, thermal stress can be calculated at high temperature independently of the rest of the stack. This approximation allowed us to recover the experimentally observed dependence of the period of the structures on the thickness of Al.

Even with this promising result, the refinement of the linear stability model has limitations as it uses multiple approximations, in particular concerning the stress involved due to temperature evolution. This refinement of the model considers equilibrium conditions in temperature. In reality however, our system is clearly dynamic with a strong thermal dependence of the stress in the encapsulating layer. Another limitation of our model is that it does not take into account the curvature of the sample, which also evolves during the laser treatment. The curvature can have a great impact on the structures obtained by wrinkling (Cai, D. Breid, A. J. Crosby, et al. 2011). Finally, the last point that we can comment on this model is the non consideration of the evolution of the surface energy. In this work indeed, the wrinkled state is a state of minimal potential energy considering the elastic deformation of the encapsulating layers. However, this model does not take into account the energy required to create new surfaces and the impact that this could have on the periodicity of the structures, in a mechanism similar to that of dewetting, which is an important perspective of this work.

In summary, all the work carried out during this thesis has allowed us to develop a suitable, controlled and reproducible method to pattern large surfaces using metallic thin films encapsulated by dielectrics deposited on soda-lime glass using laser processing. We have been able to highlight the complexity of the structuring mechanisms involved during laser treatments of these systems. Nevertheless, by identifying that the metallic layer passes through a liquid phase during the structuring, we have been able to propose a first mechanism of wrinkling allowing to interpret the different patterns obtained.

From an industrial perspective, this thesis demonstrated that the ACTILAZ™ laser processing technology developped by Saint-Gobain, can be used to pattern large surfaces, in addition to the known application of enhancing the emissivity of Low-E products. Thanks to the understanding of the mechanisms during this thesis, Saint-Gobain can hope to obtain and develop structured surfaces with controlled sizes and periods giving interesting optical properties (plasmonic effects, polarizers, ...). Through the in-situ measurements technique developed within this work, Saint-Gobain will have access to significant methods to study further the optical properties evolution during laser heating of its products. Although these techniques were not used to study directly commercial laser processed products, they can be very useful for Saint-Gobain in the development of new products. Furthermore, the development of the automatic thermal data extractor in Python is an useful tool that can be easily customized to process different types of thermal data.

Perspectives

All our results showed that there is still plenty of unanswered questions on patterning thin metallic films encapsulated by dielectrics. Among the different possible perspectives to this work, a few points could still be explored in more depth.

The first topic deserving a specific study is the laser patterning of other encapsulated metal layers. Indeed, the variety of patterns obtained for Al and Ag was for example not present in the case of other metals that we started to explore. The results obtained for Cu, for example, are much closer to what could be expected for a dewetting mechanism. An appropriate study could therefore be done to explain why some metals form organized patterns while others do not. With the knowledge obtained so far, we could observe that wrinkling is possible, but multiple results in the literature showed that dewetting is also possible. In the case of competing patterning mechanisms, such as dewetting and wrinkling, which one dominates? In this case, we are still discussing two competing non-coherent patterning mechanisms. This discussion can go even further, for instance, obtain structures created by coherent and non-coherent mechanisms occurring simultaneously. Similar discussions have already been conducted between interference (coherent) and dewetting (non-coherent) mechanisms (C. Favazza, J. Another interesting point to look in detail is the case of Al layers doped with other elements. For instance, the addition of Si in Al significantly modifies its melting point (690 °C and 815 °C respectively for the targets with 20% and 30% by weight of Si) according to the phase diagrams available in the literature. As this patterning was observed to take place above Al melting point, it would be very interesting to confirm The last point from comprehension of the mechanisms would be to develop nonlinear models of the evolution of the wrinkling by taking better into account i) the temperature dependence of the material properties and ii) the energetic contribution of the surface creation during the structuring. For this, we could for example try to measure the temperature with a moving sample, in order to get closer to our real system, and thus study a non-equilibrium system. In this case, in order to overcome the problems of spatial resolution during the thermal acquisitions, it would probably be necessary to use a wider laser line (of almost one millimeter) or even a beam in the shape of a "top hat". A second improvement point would be to correctly estimate the peak temperature. For this, we could use the in-situ optical properties measurements developed in Subsection 2.3.6 of Chapter 2 for evaluating the absorption evolution during laser heating. This dependency could then be inserted in a thermal model, in COMSOL software for instance, and compared to thermal acquisitions to obtain accurate temperature approximations.

Finally, characterizing and predicting the optical properties of the structured samples would be important. We could try to develop optical models, by reproducing for 

Temperature ranges and ND filters used in thermal measurements

The temperature ranges used and their respective ND filters are shown in the Table 2 

B. Annexes of Chapter 3 Laser treatment conditions

The tables below present the laser processing conditions of power and speed of each image presented in the Chapter 3. 3.9(a) 37.3
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 1 FIGURE 1. : Empilement bas-émissif type (à gauche) et ses propriétés optiques (à droite).

FIGURE 2 .

 2 FIGURE 2. : Images MEB des empillement structurés des structures obtenues et des fissures présentes dans le film structuré (c). Les régions riches en Ag sont plus claires sur les images (a) et (b), et la direction du balayage laser est présentée par la flèche rouge.
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 3 FIGURE 3. : Photo du montage expérimental utilisé dans le cas des acquisitions thermiques à l'Institut Fresnel.

FIGURE 4 .

 4 FIGURE 4. : Différentes morphologies obtenues selon l'épaisseur d'Aluminium pour des conditions d'encapsulation similaires. La flèche rouge indique le sens de défilement du laser lors du traitement.

  -b), spécifiquement dans la couche d'aluminium.

FIGURE 5 .

 5 FIGURE 5. : Images MEB des structures : Vue inclinée à 20°d'îlots organisés (a), vues de dessus et en coupe transversale de zigzags, (b) et (c) respectivement.
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 1 Figure 1.: Low-emissivity stack (left) and its optical properties (right).

Figure 2 .

 2 Figure 2.: SEM images of laser-patterned Ag stacks. Structures and cracks can be present in the film (c). Ag-rich regions are brighter in images (a) and (b). The direction of the laser scan is shown by the red arrow.

Figure 1

 1 Figure 1.1.: Example of the free energy dependency on thickness of a metallic film presenting the different stability regimes: unstable, metastable and stable thickness. Metal films are usually unstable up to 1,000 nm (from H. Krishna, C. Favazza, Gangopadhyay, et al. 2008).

1.

  Figure 1.2.: SEM images of metallic patterned films. Zn (a) and Fe (b) films dewet via a thin film hydrodynamic instability, while Mn (c) film formed patterns via LIPSS (from C. Favazza, H. Krishna, R. Sureshkumar, et al. 2007).

  Figure 1.3.: Coherent and non-coherent structures observed during laser writing of Si lines on Si wafers. In (a), the long periods structures are superimposed by ripples, which have period of the order of the laser wavelength. The orientation of these ripples depends on the polarization of the laser. In (b), the polarization was parallel to the scanning direction, while in (c) perpendicular to it (from Bäuerle 2011a).

1.

  Figure 1.4.: SEM images and schemes of the internal stress prior to laser annealing of different types of structures observed on PI films after laser irradiation. In (a) the film was uniaxially stretched, in (b) it was biaxially stretched while in (c) it was annealed before irradiation (from Bäuerle 2011a).

1.

  Figure 1.5.: Schematic diagram of the phenomena studied and their mechanism.Where Λ is the characteristic wavelength of the pattern, h is the thickness of the metallic or encapsulated layer and, in the case of capped films, h cap is the thickness of the capping layer. As for thermal aspect, T is the temperature of the dewetting film and T m its melting point. The symbol ∝? indicates when the proportional behavior is not always present, but can be.

  the case of laser-induced dewetting, few papers mention solid-state dewetting. Before going into some examples of the literature, let us outline the main mechanisms of solid state dewetting. Reviews were written in recent years and they are an interesting starting point (Leroy, Ł. Borowik, Cheynis, et al. 2016; Thompson 2012).
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  Figure 1.7.: Scheme of a 3D dewetted island (blue) on a substrate (green) with the surface energies and the contact angle (from Thompson 2012).

Figure 1

 1 Figure 1.8.: Scheme of the rim formation. The height of the rim increases due to a flux of matter by surface diffusion from the edge of the film to the rim (from Thompson 2012).

1.

  Figure 1.9.: Scheme of the pinch-off in the case of stable or unstable rims (from Thompson 2012).

1.

  Figure 1.10.: Schematic representation of the two main solid state dewetting mechanisms. The color scheme is: the solid thin film is dark blue, while the underlying substrate is light blue. On the left, the edge recedes to dewet: In the case of a stable rim (a), the dewetting front retracts and the rim thickens until it splits by pinch-off. For unstable rims (b), the periodic structures appear, leading to finger arrays and eventually splitting up into islands (c). On the right, voids growth: the voids open by ejecting material to surrounding rims (d) and finally the void shape becomes unstable leading to the formation of fingers and then 3D islands (e). Different structures might appear for ultra-thin films (fractal structures) or high dewetting rates (dendritic structures) (f) (from Leroy, Ł. Borowik, Cheynis, et al. 2016).
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  Figure 1.11.: Film thickness at which dewetting is observed as dependency on the annealing temperature for four different metals (from Thompson 2012).

Figure 1 .

 1 Figure 1.12.: Dependency of dewetting temperature (a) and average particle size (b) on Ag film thickness (from Thompson 2012).

  monolayers

  et al (Leroy, Ł. Borowik, Cheynis, et al. 2016) based on the free energy change and volume conservation could explain these results. They also pointed out that the initial morphology of the deposited metallic films is an important factor in determining the dewetting behavior, including the morphology of the final dewetted structures obtained (Bonvicini, Fu, Fulton, et al. 2022).

Figure 1 .

 1 Figure 1.13.: The average Au NP diameter as a function of annealing temperature (a), annealing duration at 450 °C (b), and Au film thickness at 450 °C for 30 min (c). In (d), SEM image of 5.5nm Au film dewetted at 450 °C (from Bonvicini, Fu, Fulton, et al. 2022).

  2013). Leroy et al used their thermodynamic model on these results and obtained the same trends as obtained experimentally (Leroy, Ł. Borowik, Cheynis, et al. 2016).

Figure 1 .

 1 Figure 1.14.: AFM images of non-strained (a) and 1.6% strained (b) silicon dewetted films. In (c), the dependency of the surface density on the strain levels (from Leroy, Ł. Borowik, Cheynis, et al. 2016).

Figure 1 .

 1 Figure 1.15.: TEM images of the dewetted Au films for different thickness and adhesion layers. The bright central region shows the areas where the film has completely dewetted from the substrate, while darker regions the film zone. (from Abbott, Corbett, Cunningham, et al. 2018).

Figure 1 .

 1 Figure 1.16.: SEM images of dewetted Ni films lines with different square perturbations. They show the initial retraction of the film and subsequent appearance of Rayleigh-Plateau surface waves and finally splitting into islands (from Magel, Roberts, Fowlkes, et al. 2012).

  Favazza, H. Krishna, R. Sureshkumar, et al. 2007; C. Favazza, J. Trice, R. Kalyanaraman, et al. 2007).

Figure 1 .

 1 Figure 1.17.: In the images the substrate is in gray and the film is in red. In (a) and (b) a linear array of structures dewet to form ordered particles through Rayleigh-plateau like instabilities. In (d) and (c), the 2D deposited film dewets to form droplet pattern (from Kondic, González, Diez, et al. 2020).
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  State of the art -1.2. Dewetting different power scales are presented.

Figure 1 .

 1 Figure 1.19.: Schematic of the length scales representative of a dewetted structure obtained by spinodal mechanism. The nearest-neighbor inter-particle spacing R and D are measured for each each particle present.

1.

  Figure 1.20.: The evolution of the dewetted morphology with number of laser pulses for Ag films (from Kondic, González, Diez, et al. 2020, adapted from Krishna, Sachan, Strader, et al. 2010).

  Figure 1.21.: On the left, TEM images of nickel nanoparticles obtained through spinodal dewetting after a pulsed laser exposure. On the right, the characteristic wavelength of these structures dependency on film thickness (from McKeown, Roberts, Fowlkes, et al. 2012).

  Favazza, et al. 2007; Christopher Favazza, Ramki Kalyanaraman, and Radhakrishna Sureshkumar 2006; C. Favazza, J. Trice, H. Krishna, et al. 2006; C. Favazza, J. Trice, Gangopadhyay, et al. 2006).
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 1 Figure 1.22.: SEM images of Co nanoparticles obtained by laser-induced spinodal dewetting: (a) a 2 nm Co film showing bicontinuous structures and (b) a 4.4 nm Co film showing holes pathways. In (c), the characteristic length scales of these structures dependency on film thickness (from Justin Trice, Thomas, Christopher Favazza, et al. 2007).

Figure 1 .

 1 Figure 1.23.: Graph of linear dependency of the inter-particle distance (a) and particle size (b) on the metallic film thickness. From (c) to (e), SEM images of the dewet samples at different thickness (from Kojima and Kato 2008).

Figure 1 .

 1 Figure 1.24.: Field Emission Scanning Electron Microscopy (FESEM) images of single pulse laser dewetted samples of Au thin films on Si wafer. The different Au thickness were (a) 2.5 nm, (b) 4.6 nm, (c) 12.0 nm and (d) 16.3 nm. In (e), the dependency of the NP diameter on Au initial thickness. All the data is from Fulton, Ozhukil Kollath, Karan, et al. 2020.

Figure 1 .

 1 Figure 1.25.: In the first row, FESEM images of 6.0 nm thick Ag thin films, dewetted (a) and as-deposited (c), and the corresponding size distribution histograms (b). In the second row, the same images are given for 10.0 nm thick Ag thin films (Ly, Fulton, Bonvicini, et al. 2021).
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 1 Figure 1.26.: The dependency of particle size with the film thickness in the case of laser-induced dewetting at the same fluence and irradiation time (a). In (b), the same graph as (a), but in the case of thermal dewetting by furnace heating at at 400 °C for 30 min. All the data is from Ly, Fulton, Bonvicini, et al. 2021.

  Figure 1.28(a)) (Yoo, Nguyen, Ray, et al. 2019).

Figure 1 .

 1 Figure 1.27.: On the left, the estimated temperature rise dependency on the radius distance from the peak of the Gaussian beam for different scanning speeds. On the left, the different SEM images obtained at different locations of a sample dewetted. The temperature rise of each location is indicated by the colored circles, which are indicated on the images and on the graph of temperature rise on the 2.5 mm/s scanning speed (from Yoo, Nguyen, Ray, et al. 2019).
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  Figure 1.28.: In (a), the fill factor dependency on the distance from the center of the Gaussian beam. The indicated colors circles are the same of the SEM images in Figure 1.27. In (b), the 100% -fill factor dependency on the local temperature achieved for different positions and laser processing conditions of intensity and scanning speed. The red dashed-line indicates the melting temperature of the bulk Au. (from Yoo, Nguyen, Ray, et al. 2019).
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  Figure 1.29.: In (a), transmission spectrum across the dewetted film. In (b), the scheme of the samples color and the continuous SEM imaging of the transition region between liquid and solid sate (adapted from Yoo, Nguyen, Ray, et al. 2019).
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 1 Figure 1.30.: Regions maps of the observed morphology after laser radiation for encapsulated 200 nm Ni (left) and Au (right) films. The legends of the experimental points are no melting (NM), partial melting (PM), complete melting (CM), holes of dewetting (Holes) and destruction of the film (Dest.). The shaded regions indicate regions with suppressed dewetting. The partial and complete melting thresholds lines were determined by thermal models and showed good agreement with experimental observations (from Kline and Leonard 2005).
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  Figure 1.31.: The possible pathways of dewetting initiation in capped molten metal films. On the left, the thinning of the metallic film coupled with viscoelastic motion or buckling of the capping layer. On the right, void formation with gas at the liquid-solid interface (from Kline and Leonard 2005).
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 1 Figure 1.32.: Scheme presenting the difference of periodic wrinkling and buckling (inspired from Shugurov and Panin 2010).

  Figure 1.33.: Scheme of some of the different wrinkling modes patterns: (a) 1D regular lines mode, (b) square checkerboard mode, (c) hexagonal mode, (d) triangular mode, and (e) herringbone mode (from Cai, D. Breid, A. J. Crosby, et al. 2011).

Figure 1 .

 1 Figure 1.34.: Experimental observations of the wrinkling patterns of films on PDMS substrates: (a) 1D mode of regular lines, (b) square checkerboard mode, (c) hexagonal mode and (d) herringbone mode. Images a, c, and d are optical micrographs of wrinkles generated via the swelling process. Image b shows the surface profile of a flat polystyrene film on a PDMS substrate, wrinkled due to thermal mismatch stresses. (from Cai, D. Breid, A. J. Crosby, et al. 2011).
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  Figure 1.35.: Effect of the increasing overstress on wrinkles observed experimentally for the UVO-treated PDMS system. In (a) it is the on-set of wrinkling, and the overstress is slightly below the the critical stress of wrinkling. In (b), the overstress slightly exceeds the critical stress, so an almost random array of low-amplitude undulations is formed (from Cai, D. Breid, A. J. Crosby, et al. 2011).
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  Figure 1.36.: Different images depicting the transition of the hexagonal mode to a disorganized herringbone pattern coexisting with some hexagonal modes. The overstress increases from the left to the right (Cai, D. Breid, A. J. Crosby, et al. 2011).
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 1 Figure 1.37.: On the left, Cross sectional SEM image of SiGe film bonded to BPSG after 800 °C, 90 min annealing, displaying buckles. On the right, Cross sectional TEM of partially relaxed and buckled SiGe film on BPSG after same heat processing. Arrow indicates dislocations (Hobart, Kub, Fatemi, et al. 2000).

Figure 1 .

 1 Figure 1.38.: Experimental wrinkle patterns obtained of 10 nm SiN films on 500 nm GeTe films on a Si bulk substrate obtained for three different laser fluences of 20 (a), 25 (b) and 30 mJ cm -2 (c). In (d), AFM image of the dashed squared plot in image (c). In (e), the cross-sectional STEM-HAADF (High-Angle Annular Dark-Field Scanning Transmission Electron Microscopy) image of the center of the image shown in (c). The 10 nm-thick SiN capping layer appears in black and is covered by a protective layer used for the STEM foil preparation by FIB. No change of the microstructure of the GeTe film is observable over the whole film thickness (from Martinez, Papagiannouli, Descamps, et al. 2020).

Figure 1 .

 1 Figure 1.39.: Images describing the procedure to obtain the wrinkles wavenumber in function of the laser fluence on a 500 nm GeTe film capped by a 10 nm-thick SiN film. In (a), the microscope image of the wrinkle obtained. In (b), the spatial filter used. In (c), the microscope filtered image at a given radius, indicated by the white arrow. In (d), the laser fluence of the beam at this same radius. In (e), the graph of the 2D FFT, of the filtered image at the radius, for which a peak is observed. In (f), the graph of the spatial frequency, or wavenumber, observed with its width (from Martinez, Papagiannouli, Descamps, et al. 2020).

Figure 1 .

 1 Figure 1.40.: The dependency of the structures period on the calculated molten thickness for different laser fluences (adapted results from (Martinez, Papagiannouli, Descamps, et al. 2020)).

  [START_REF] Martinez | Laser Generation of Sub-Micrometer Wrinkles in a Chalcogenide Glass Film as Physical Unclonable Functions[END_REF]).

Figure 1 .

 1 Figure 1.41.: Experimental wrinkle patterns obtained of 10 nm SiN films on 500 nm Ge 2 Sb 2 Te 5 films on a Si bulk substrate irradiated by a Ytterbium laser (λ = 1030 nm) pulsed with (a) a pulse duration of 400 fs and (b) a pulse duration of 400 ps. In (c) is an example of a laser treatment with a pulse duration of 400 fs with the Ti:Sapphire laser (λ = 800 nm). The central part of the sample was ablated (lack of pattern) while the outer zones produced wrinkles radially oriented from the ablated border (from Martinez, Papagiannouli, Descamps, et al. 2020).
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  Figure 1.42.: In the first row, top-view SEM images of the structured samples after irradiation. (a) is 1 pulse for a 54 nm oxide layer, (b) is 3 pulses for a 172 nm oxide layer and (c) is 10 pulses for a 440 nm oxide layer. Images (d) and (e) are cross-sectional SEM micrographs of SiO 2 /Si interface before and after laser structuring. The graph is the structures period dependence on the oxide layer thickness. All the data is from Lu, Choi, Aoyagi, et al. 1996.

Figure 1 .

 1 Figure 1.43.: (a) is the cross-sectional view of the samples used for laser irradiation. From (b) to (e), the sample studied is an oxide-capped patterned sample (r=125 nm, d=7 µm) after laser irradiation with ten pulses. (b) is the a plan-view TEM micrograph of this sample, in which the white region is the cavity region and the structures are seen to run from the cavity. (c) and (d) are the AFM images, while (e) a line scan profile (Giust and Sigmon 1997).
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  Figure 1.44.: AFM images of buckled surface of 25 nm and 50 nm SiO 2 films. In the first row, images of 25 nm thick SiO 2 , with different width molten regions (a) 5.00 µm, (b) 6.58 µm and (c) 7.92 µm. In the second row, for the 50 nm SiO 2 film, the widths are: (d) 5.12 µm, (e) 6.54 µm and (f) 8.18 µm. The black-to-white scale is 30 nm and all the data is from Serrano and Cahill 2002.

Figure 1 .

 1 Figure 1.45.: (a) wavenumber of the obtained structures in the buckled region as a function of the melt diameter. The dashed and dotted lines represent the theoretical value of k max for a 50 and a 25 nm film, respectively. (b) Average amplitude of the buckled surface as a function of peak energy density for three different melt diameters: 5, 7 and 9 µm. The dashed line is the theoretical amplitude equilibrium (Serrano and Cahill 2002).

  , and Suo 2001) to analyze their structures. Other two models of the same phenomenon are also proposed by Huang and Suo (R. Huang and Suo 2002a; R. Huang and Suo 2002b). The model proposed in R. Huang and Suo 2002b makes some consideration in the kinetically constrained case, but it still uses some approximations. The model proposed in R. Huang and Suo 2002a gives an exact solution for the problem, with no approximations, and is the one used in this subsection.

Figure 1 .

 1 Figure 1.46.: The fastest wavenumber and fastest growth rate dependency on thickness ratio for different solutions, where H is thickness of the viscous layer and h of the elastic film. The solution indicated as a solid line is the exat solution that is used here (from R. Huang and Suo 2002a).

1.

  Figure 1.47.: Scheme of the wrinkled elastic film on a viscous layer

Figure 1 .

 1 Figure 1.48.: Scheme of the membrane force and the tractions in the studied system.

Figure 1 .

 1 Figure 1.49.: The dependency of the growth rate of Si structures capped by a SiO 2 layerof 25 nm and of 50 nm. The fastest growth wavenumber is 7.13 µm -1 and 3.63 µm -1 respectively.

  Figure 1.50.: The dependency of the effective surface tension on the wavenumber for SiO 2 capping layers of 25 nm and of 50 nm.

  Figure 1.51.: The dependency of the ratio of the damping coefficient over the angular frequency of the capillary waves on the wavenumber for SiO 2 capping layers of 25 nm and of 50 nm.

  1. State of the art -1.3. Wrinkling wrinkle patterns possible. Still, even this kind of model has a rough time describing real experiments, as analyzing real case wrinkling phenomena through modeling may be much more difficult, as showed previously through the work of Cai et al (Cai, D. Breid, A. J. Crosby, et al. 2011).

Figure 1 .

 1 Figure 1.52.: The different patterns obtained depending on the strain field and the anisotropy of the membrane force used. The values of strain indicated are 11 in the horizontal direction and 22 in the vertical direction. In (a), the film is subjected to a nonuniform membrane strain field. The fields are ϵ 11 = ϵ 22 = -0.02 inside the circle and zero outside the circle. In (b), the membrane force induces strains ϵ 11 = -0.01 and ϵ 22 = -0.003, providing a herringbone pattern. In (c), the membrane force induces strains ϵ 11 = -0.01 and ϵ 22 = -0.002, issuing regular lines pattern (from Z. Y. Huang, Hong, and Suo 2005).

Figure 2 .

 2 Figure 2.1.: Schematic diagram of the experimental approach used in this study.

Figure 2 .

 2 Figure 2.2.: Dependence of heat capacity (left) and thermal conductivity (right) on temperature for soda-lime glass (from internal data of Saint-Gobain).

2

 2 

2 .

 2 Materials and methods -2.2. Description of sample production and characterization left). As for the heat capacity dependency on temperature (Figure2.2 right), it indicates a glass transition temperature around 550 °C. These properties will be used on the thermal model presented in Chapter 4.

Figure 2 .

 2 Figure 2.3.: Schematic side-view of the planar magnetron discharge used for sputtering (from Gudmundsson 2020).

2 .

 2 Figure 2.4.: Schematic hysteresis cycle obtained from a reactive sputtering deposition process. The transition from metal to compound deposition is followed by monitoring the deposition rate (a), the chamber pressure (b) and the discharge voltage (c) (from Sarkar 2014).

2 .

 2 Figure 2.5.: Hysteresis cycle of the reactive sputtering deposition of AlN. The plot shows the voltage of the Al target measured as a function of N2 flow. During sputtering, the target power and Ar flux were kept stable at 5000 W and 40 sccm respectively. The hysteresis presented here was performed using a VMAG sputterer, first increasing (orange) and then decreasing (blue) N2 flow without shutting down the plasma.

Figure 2 .

 2 Figure 2.6.: The pilot scale magnetron sputtering machine, VMAG, and its rectangular targets.

Figure 2 .

 2 Figure 2.7.: A schematic side-view of the planar magnetron sputtering during deposition of a thin film with a moving carrier.

2 .

 2 Materials and methods -2.2. Description of sample production and characterization +/-80 °) and in transmission (0 to +/-80 °). An example of the spectrophotometer and the TAMS is shown in Figure2.8.

Figure 2 .

 2 Figure 2.8.: On the left the Lambda 900 system in transmission configuration and on the right the TAMS accessory on the Lambda 1100.

Figure 2 .

 2 Figure 2.9.: On the left the FTIR device and on the right the reference mirror used to calibrate the measurements.

Figure 2 .

 2 Figure 2.10.: Photo of the ellipsometer device.

Figure 2 .

 2 Figure 2.11.: Schematic diagram of the interaction between the electron beam radiation and the sample surface (issued from /www.jeol.co.jp/en/science/sem.html).

2 .Figure 2 .

 22 Figure 2.12.: Schematic diagram of the atomic force microscopy (AFM) from Liu and Yifen Wang 2010.

Figure 2 .

 2 Figure 2.13.: Schematic diagram of XRD techniques used: on the left the θ-2θ configuration, and on the right the grazing method (from Corbella 2022).

Figure 2 .

 2 Figure 2.14.: Photo of the Napson 4-points probe.

2 .

 2 Figure 2.15.: Thin glass on the glass substrate after deposition.

15) 115 2 .Figure 2 .

 22 Figure 2.16.: Schematic diagram of the thin glass and the convention of the angle of the rotation axis. The color gradient simulates a possible topographical map with lower altitudes in red and higher ones in blue.

Figure 2 .

 2 Figure 2.18.: LIMO laser compound used.

2 .Figure 2 .

 22 Figure 2.19.: Profile of the beam used in both directions. The gaussian is well shaped and the line is also very homogeneous

Figure 2 .

 2 Figure 2.20.: Photos of a sample after a parametric testing on scan speed. On the left, the laser treated region is clearly seen, with some zones showing delamination. On the right, the diffraction patterns displayed on the laser patterned zones.

2 .Figure 2 .

 22 Figure 2.21.: Photo of the set-up used in the case of thermal acquisitions. The optical components, sample and Infra-Red (IR) camera are indicated.

2 .Figure 2 .

 22 Figure 2.22.: a) Schematic view of the effect of each lens on the beam shape. b)Schematic top view of the optical components and the beam route in the set-up.

2 .

 2 Materials and methods -2.3. Description of laser treatment and in-situ experiments

Figure 2 . 2 .

 22 Figure 2.23.: Schematic top view of the optical components, the beam route with the position of WinCamD for measuring the beam shape and their respective profiles.

Figure 2 .

 2 Figure 2.24.: Theoretical beam-shape of the laser obtained after using the custommade diffractive lens developed by SILIOS Technologies.

.16) 2 .Figure 2 .

 22 Figure 2.25.: Schematic of the effect of the cylindrical lens focusing position on the line beam obtained. If the distance x of the cylindrical lens to the sensor is higher or lower than the cylindrical focusing distance, a wider line beam is obtained.

2 .Figure 2 .

 22 Figure 2.26.: The evolution of the full widths (FW@1/e 2 and FWHM) as function of stage position (left) and two different Gaussian profiles, with the -6 mm profile shown as the narrowest possible.

Figure 2 .

 2 Figure 2.27.: Graph of the line homogeneity distribution at 45°incident angle.

Figure 2 .

 2 Figure 2.28.: Photo of the set-up in the power measurement configuration. The Win-CamD was removed during measurements.

127 2 .

 2 Figure 2.29.: Graph representing the relative errors of each calibration method proposed. Interval calibration was indeed the one that reduced the most the error.

Figure 2 .

 2 Figure 2.30.: Optical microscope images of the patterning obtained in each set-up and their stack.

Figure 2 .

 2 Figure 2.31.: The in-situ set-up used for fast microscopy.

Figure 2 .

 2 Figure 2.32.: Schematic top-view of the set-up in two positions, the focused position and the defocused position, due to the movement of the sample on an axis non-parallel to its surface.

2 .Figure 2 .

 22 Figure 2.33.: On the left, schematic top-view of the set-up with the rotational stage and the WinCam for measuring the displacement of the reflected beam. On the right, the triangle used to obtain the dependency of the displacement distance of the reflected beam (d) on the displacement of the sample (L), the angle between the stage and the sample (θ) and the complementary of the incident angle (x).

2 .Figure 2 .

 22 Figure 2.34.: Acquired image sequence of a real time patterning sample. The sample studied has the stack Si 3 N 4 40 nm/Al 15 nm/Si 3 N 4 40 nm sputtered by the Lina400. The acquisitions were obtained with the 20x objective and the interval between each image was of 0.77 ms. The sample was moving at target speed of 20 mm/s.

Figure 2 .

 2 Figure 2.35.: Oscillations marking the structuration at slow speed (11 mm/s) of the sample Si 3 N 4 40 nm/Al 30 nm/ZnO 100 nm at 20 W of power.

2 .Figure 2 .

 22 Figure 2.36.: The oscillation measured for both stages at two different speeds 20 mm/s (left) and 5 mm/s (right). As one can see, the oscillations are much bigger for the larger step size stage (X-LSQ150D) than the smaller one (X-LSQ150D). The typical oscillation periods are incidated on each figure.

Figure 2 .

 2 Figure 2.37.: Example of the factory calibration counts (from FLIR documentation).

2 .

 2 Materials and methods -2.3. Description of laser treatment and in-situ experiments

2 .Figure 2 .

 22 Figure 2.38.: Infrared FLIR camera X60901sc used in this work and its controlling computer.

Figure 2 .

 2 Figure 2.39.: Image of the two different temperature ranges and then the superframe image produced.

2 .Figure 2 .

 22 Figure 2.40, the pixel size reduces the temperature seen by the camera, which changes the shape and width of the peaks to some extent.

Figure 2 .

 2 Figure 2.40.: Distribution of the temperature on the sample on a line for different extension rings.

Figure 2 .

 2 Figure 2.41.: Set-up used in the case of thermal imaging in the static Gaussian beam configuration.

2 .

 2 Figure 2.42.: Beam profiling camera used and the image of the beam in the static gaussian beam configuration.

2 .Figure 2 .

 22 Figure 2.43.: On the left, the maximal temperature evolution over time. On the right, the spatial temperature distribution over a line of the peak temperature of the superframing image presented Figure 2.39.

2 .Figure 2 .

 22 Figure 2.44.: Effects of varying emissivity on temperature. The points marked measured temperature are the ones obtained directly from FLIR and the estimated points are the ones obtained from Equation 2.24.

Figure 3 .

 3 Figure 3.1.: Scheme of the stack studied.

Figure 3 .

 3 Figure 3.2.: The different surfaces that could be obtained: in (a), the as-deposited surface, in (b) the zones where the patterns appear (at laser conditions of 29.1 W/mm and 18 m/min) and in (c) the delamination also occurred in laser processing with the same power, but reduced speed to 17 m/min.

Figure 3 .

 3 Figure 3.3.: Different regions of a sample after parametric testing on speed (left) and the diffraction pattern obtained (right).

3 .

 3 Figure 3.4.: Effects of the structuration on optical properties of a sample with 10 nm of aluminum

Figure 3 .

 3 Figure 3.5.: Silver stack used in the patent (Palacios-Laloy 2016).

Figure 3 .

 3 Figure 3.6.: SEM images of the patterned Ag stack: lines (a) and organized islands (b). The bright regions are rich in Ag and the red arrow indicates the laser scan direction (from Palacios-Laloy 2016).

Figure 3 .

 3 Figure 3.7.: Schematic figure of an Ag stack (on the upper right corner). In (a), a photo of the speed test sample at 37.3 W/mm from 7 m/min to 1 m/min. In the second row, the optical microscope images corresponding to the speeds where patterning was obtained: 3 m/min (b), 2 m/min (c) and 1 m/min (d).

Figure 3 .

 3 Figure 3.8.: Ag stack laser patterned as lines with power 37.3 W/mm and 4 m/min of processing speed. In (a) the optical microscope image with the stack on the corner. In (b), (c) and (d), the SEM images at different magnifications. The bright regions are richer in Ag.

Figure 3 .

 3 Figure 3.9.: Optical micrographs in reflection mode of stacks with different metals (Sn, Al, Ge, Cu) and thickness. Except for image (c) and (f), all the stacks are encapsulated with 40 nm (bottom layer) and 30 nm (capping layer) of Si 3 N 4 . In image (c) the capping layer is 15 nm of Si 3 N 4 . In image (f), it is 60 nm of Si 3 N 4 . All stacks are displayed in the upper right corner of each image.

Figure 3 .

 3 Figure 3.11.: Optical microscope images in reflection mode of the different morphologies obtained in aluminum stacks. The metallic layer was encapsulated by 40 nm of Si 3 N 4 (bottom layer) and 80 nm of ZnO (capping layer). The laser scan direction is indicated by the red arrow.

Figure 3 .

 3 Figure 3.12.: Scheme of the organized islands and the effect of the shift of half a period downwards. The pattern observed in our work is the one represented in B. The laser scan direction is shown by the red arrow and two periods are indicated: perpendicular (Λ ⊥ ) and parallel (Λ ∥ ) to the laser scan direction.

Figure 3 .

 3 Figure 3.13.: Scheme of the zigzag-shaped continuous line. The laser scan direction is shown by the red arrow and two periods are indicated: perpendicular (Λ ⊥ ) and parallel (Λ ∥ ) to the laser scanning direction.

Figure 3 .

 3 Figure 3.14.: Period measurements on optical microscope images of the different morphologies obtained in aluminum stacks encapsulated by 40 nm of Si 3 N 4 (bottom layer) and 80 nm of ZnO (capping layer). The periods perpendicular (Λ ⊥ ) and parallel (Λ ∥ ) to the laser scan direction are indicated in each image.

Figure 3 .

 3 Figure 3.15.: Dependency of the perpendicular and parallel periods of the structures on the aluminum thickness. The 4 different morphologies ranges are also represented. The zone 1 (white) is for random islands. The zone 2 (orange) is for organized islands. The zone 3 (green) is for the transition region and the zone 4 (purple) is for the zigzag-shaped continuous lines.

  and 3.18.

Figure 3 .

 3 Figure 3.16.: Optical microscope images of laser patterned aluminum stacks encapsulated between 40 nm of Si 3 N 4 and 100 nm of ZnO. In (a) 30 nm of Al presenting organized islands and (b) 150 nm of Al showing zigzags.

3 .

 3 Patterning metal/dielectric stacks by laser processing -3.3. Structures characterization thin is the metallic layer in these areas. The bottom layer (Si 3 N 4 ) kept its thickness constant along the structures, and the substrate showed no signs of morphological changes.

Figure 3 .

 3 Figure 3.17.: SEM images of the stack presented Figure 3.16(a). The images (a) and (b) are top view images using LEI detector and LABE detector respectively. As for images (c) and (d) the acquisition are made in 20°tilted-view, while (e) and (f ) are in cross-sectional view.

3 .Figure 3 .

 33 Figure 3.18.: SEM images of the stack presented Figure 3.16(b). The images (a) and (b) are top view images using LEI detector and LABE detector respectively. As for images (c) and (d) the acquisition are made in tilted-view. Image (e) and image(f) present the cross-section view of these structures.

  2.5 of Chapter 2. The ZnO capping layer etching was performed using the Neutrax solution for 3 minutes. The aluminum layer was etched by dilute NaOH(1:100) solution for 5 minutes. The optical micrographs of the samples are shown in Figure 3.19.

Figure 3 .

 3 Figure 3.19.: Optical microscope images in reflection mode of structured 150 nm aluminum encapsulated by 30 nm of Si 3 N 4 (bottom layer) and 100 nm of ZnO (capping layer). The images (a), (b) and (c) are for the stacks before etching, after 6 minutes of Neutrax etching and after 6 minutes of Neutrax etching followed by 5 minutes of NaOH (1:100) wet etching, respectively.

Figure 3 .

 3 Figure 3.20.: SEM images of the etched samples (Figure 3.19) obtained at 15 kV (first row) and 2 kV of voltage (second row). The images are: (a) and (d) unetched, (b) and (e) ZnO layer etched, and (c) and (f) ZnO etched and partial etching of the Al layer.

Figure 3 .

 3 Figure 3.21.: SEM images of samples unetched ((a), (d) and (e)), ZnO etched (b), and ZnO etched followed by Al partial etching (c).

Figure 3 .

 3 Figure 3.22.: SEM images (BSE and EDX detectors) of the structured unetched sample. (a) presents the image of the BSE detector. (b) shows the image of combining the EDX detector images of the atoms of Al, Si and Zn, with each separated image being shown from (c) to (e). In the bottom, the graph of the counts of the regions 1 and 2 marked.

3 .Figure 3 .

 33 Figure 3.23 presents the results of BSE and EDX analyses of the sample after etching the ZnO layer. More holes were observed after ZnO etching, indicating their presence in the volume of the aluminum layer, in accordance with what was previously observed.The zones 1 and 2 also showed a difference in the intensity of the aluminum peaks. Comparing the counts for each sample, it could be observed that the Zn peak on the sample decreased after ZnO etching, indicating that this layer was indeed etched.

Figure 3 .

 3 Figure 3.23.: SEM images (BSE and EDX detectors) of the structured sample after etching the ZnO layer. (a) presents the image of the BSE detector. (b) shows the image of combining the EDX detector images of the atoms of Al, Si and Zn, with each separated image being shown from (c) to (e). In the bottom, the graph of the counts of the regions 1 and 2 marked.

Figure 3 .

 3 Figure 3.24 presents the results of BSE and EDX analyses of the sample after etching ZnO and partially the aluminum structures. Once again, more and larger holes were observed after aluminum etching, since this etching also increased their size and

Figure 3 .

 3 Figure 3.24.: SEM images of the structured sample after ZnO etching and partial Al etching. The image (a) presents the image of the BSE detector, as (b) shows the image combining the EDX detector images of the atoms of Al, Si and Zn, with each separated image shown in (c) to (e). In the bottom, the graph of the counts of the regions 1 and 2 marked.

3 .

 3 Patterning metal/dielectric stacks by laser processing -3.3. Structures characterization (Kline and Leonard 2005) pointed out two possible mechanisms of dewetting: one by deformation of the capping layer and another by dewetting mediated by gas. All the possible cases considering mediation by gas and deformation of the encapsulation dielectric are shown in Figure 3.25.

Figure 3 .

 3 Figure 3.25.: Schematic diagram of the possibilities of dewetting available: the bottom and/or capping layer deformation and a gas presence inside it.

Figure 3 .

 3 Figure 3.26.: Schematic diagram of the patterning studied.

Figure 3 .

 3 Figure 3.27.: Optical micrographs of the laser-treated samples at speeds higher than the patterning speed (a) and at the onset of patterning speed (b), (c).

Figure 3 .

 3 Figure 3.28.: Optical micrographs of patterned 150 nm aluminum stacks, laser-treated with 27 W/cm power at 22 m/min (a) and 20 m/min (b) with the laser set-up at Compiègne.

Figure 3 .

 3 Figure 3.29.: Optical microscope images in reflection mode of patterned 30 nm aluminum encapsulated by a different bottom layer and 80 nm of ZnO (capping layer). The bottom layers are: (a) 20 nm of Si 3 N 4 , (b) 20 nm of ZnO on top of 20 nm of Si 3 N 4 and 30 nm of TiN on top of 20 nm of Si 3 N 4 .

3 .

 3 Figure 3.30.: Tilted-view SEM images of the samples presented in Figure 3.29. The bottom layers are: (a) and (d) 20 nm of Si 3 N 4 , (b) and (e) Si 3 N 4 20 nm/ZnO 20 nm, (c) and (f ) Si 3 N 4 20 nm/TiN 30 nm.

Figure 3 .

 3 Figure 3.31.: EDX detector SEM images of the sample (c) presented in Figure 3.29, with Si 3 N 4 20 nm/TiN 30 nm bottom layer. The elements Al, Zn, Ti, O, N and Si are indicated on the bottom left of each image with their respective color from (a) to (f ).

Figure 3 .

 3 Figure 3.32.: Optical micrographs of structured stacks of 10 nm and 150 nm of aluminum presenting, respectively, random islands morphology (a) and continuous lines zigzag shaped (b). Both stacks are displayed in the upper right corner of each image.

Figure 3 .

 3 Figure 3.33.: Optical micrographs of structured stacks of 30 nm and 10 nm of aluminum presenting, respectively, organized islands morphology (a) and random islands morphology (b). Both stacks are displayed in the upper right corner of each image.

Figure 3 .

 3 29(a)) or 40 nm (Figure 3.11(b)) of Si 3 N 4 . Examples of 150 nm aluminum stacks capped with 100 nm of ZnO containing 20 nm, 30 nm and 40 nm of Si 3 N 4 as bottom layer were also produced. They are shown in Figures 3.28(b), 3.19(b) and 3.16(b), respectively. This suggests that the mechanism of void formation is not dependent on the thickness of the Si 3 N 4 bottom layer, but only by its contact with the aluminum layer. enough to explain such behavior.

Figure 3 .

 3 Figure 3.35.: Schematic diagram of the phenomena occurring in the patterning. Only the deformation of the capping layer and the Al structures appearing (a), the same but with porosities (b) and finally only porosities forming (c). The bottom layer indicated can be either Si 3 N 4 or ZnO.

Figure 3 .

 3 Figure 3.36.: The hysteresis graph of the Al target used to obtain AlN under different conditions and the optical microscopy images of the patterned 150 nm Al stacks with different capping layers materials, but the same 100 nm thickness. The material of each capping layer is: ZnO (a), Si 3 N 4 (b), SiO 2 (c), AlN far from the transition region (d) and close to the transition region (e).

3 .

 3 Figure 3.37.: Tilted-view SEM images of the samples presented in Figure 3.36. The capping layer from figure (a) to (d) is AlN (80 nm). As for figures (e) and (f ) the capping layer is ZnO (80 nm).

Figure 3 .

 3 Figure 3.38.: On the left one can find the scheme of the structures width and height with respect to the AlN capping layer. On the right the same scheme is presented for ZnO capping layer.

Figure 3 .

 3 Figure 3.39.: Patterned 150 nm Al stacks capped with a 100 nm of different materials: ZnO (a), AlN close to the transition region (b) and AlN far from the transition region.

Figure 3 .

 3 Figure 3.40.: Examples of the effect of capping layer thickness on the structures.

Figure 3 .

 3 Figure 3.41.: Dependency of the structures period on the capping layer thickness.

Figure 4

 4 Figure 4.1.: Computed curves of the dependency of intrinsic absorptivity (at λ =10.6 µm) on temperature of some pure metals before and after melting (from Prokhorov, Konov, Ursu, et al. 2018).

Figure 4 . 2 .

 42 Figure 4.2.: Refractive index and extinction coefficient dependency on temperature of Al in solid state (a) (Ujihara 1972) and in liquid state (b) and (c) (Krishnan and Nordine 1993b).

Figure 4 . 3 .

 43 Figure 4.3.: Optical properties dependency on temperature of a representative stack. The stack studied was Glass / Si 3 N 4 40 nm / Al 10 nm / ZnO 40 nm, using the n and k of Al given in Figure 4.2(a) (Ujihara 1972) and the n and k of the other layers were obtained by ellipsometer measurements.

Figure 4

 4 Figure 4.4.: Dependencies of Al emissivity (a)(Wen and Mudawar 2002) and of Al total hemispherical emissivity (b)(Ramanathan and Yen 1977) on temperature.

Figure 4

 4 Figure 4.5.: The impact of emissivity on the measured temperature.

  Figure 4.6(b) and (c)).

Figure 4

 4 Figure 4.6.: Parametric testing on silver stack (a) and examples of the defects observed, (b) and (c).

4.

  Figure 4.7.: Maximal temperature dependency on the linearized laser parameter P t d for the Ag sample.

Figure 4

 4 Figure 4.8.: Examples of the surface of the samples obtained in the case of TiN 30 Al 10 for the following conditions of duration and power: 80 ms and 140 W (a), 80 ms and 120 W (b), 80 ms and 140 W (c), 200 ms and 90 W (d).

Figure 4

 4 Figure 4.9.: Parametric testing of TiN 30 Al 10 samples with the respective surface evolution.

Figure 4 .

 4 Figure 4.10.: TiN 30 Al 10 maximal temperature in the acquisition over time for different pulses duration at 90 W of optical power.

Figure 4 .

 4 Figure 4.11.: TiN 30 Al 10 spatial distribution along an horizontal line at the maximal temperature of the acquisition at different pulses durations with a constant laser power of 90 W.

Figure 4 .

 4 Figure 4.12.: TiN 30 Al 10 maximal temperature in the acquisition over time for different laser powers at constant pulse duration of 100 ms.

Figure 4 .

 4 Figure 4.13.: TiN 30 Al 10 spatial distribution along an horizontal line at the maximal temperature of the acquisition at different laser powers with a constant pulse duration of 100 ms.

  Figure 4.14).

Figure 4 .

 4 Figure 4.14.: Maximal temperature dependency on the linearized laser parameter P t d for the TiN 30 Al 10 sample.

  Figure 4.15.

Figure 4 .

 4 Figure 4.15.: Parametric testing of TiN30 Al 10 sample with isothermal curves.

Figure 4 .

 4 Figure 4.16.: Parametric testing of TiN30 Al 30.

4.

  Thermal dependency of the patterning -4.5. Al samples with TiN

Figure 4 .

 4 Figure 4.17.: Examples of the surface of the samples obtained in the case of TiN 30 Al 30 for the following conditions of duration and power: 200 ms and 130 W (a), 500 ms and 90 W (b), 200 ms and 140 W (c), 500 ms and 90 W (d).

Figure 4 .

 4 Figure 4.18.: Maximal temperature dependency on the linearized laser parameter P t d for the TiN 30 Al 30 sample.

Figure 4 .

 4 Figure 4.19.: Parametric testing of TiN30 Al 150.

4.

  Thermal dependency of the patterning -4.6. Al samples without TiN

Figure 4 .

 4 Figure 4.21.: Maximal temperature dependency on the linearized laser parameter P t d for the TiN 30 Al 150 sample.

  Figure 4.22 confirms that the the maximal temperature depends linearly on the linearized parameter P t d to temperatures below the melting point (up to 530 °C).

Figure 4 .

 4 Figure 4.22.: Maximal temperature dependency on the linearized laser parameter P t d for the Al 10 sample.

Figure 4 .

 4 Figure 4.23.: Normalized distance from the approximated temperature on TiN30 Al 10 and Al 10 samples.

Figure 4 .

 4 Figure 4.24.: Maximal temperature dependency on the linearized laser parameter P t d for the Al 30 sample.

Figure 4 .

 4 Figure 4.25.: Maximal temperature dependency on the linearized laser parameter P t d for the Al 150 sample.

Figure 5

 5 Figure 5.1.: Structures obtained from a UV laser line for Al stacks of different thickness. The 30 nm of Al stack produced islands at 10 mm/s of speed with 100 mJ/cm 2 of power (a), while the 150 nm of Al stack produced lines at 40 mm/s of speed with 200 mJ/cm 2 of power (b). The laser scan direction is shown for each image by the red arrow.

Figure 5 . 2 .

 52 Figure 5.2.: Surface of uncapped Al samples after laser processing.

Figure 5

 5 Figure 5.5.: Micrograph of a stack of 15 nm of Al capped by a 80 nm-thick ZnO layer. The periods Λ ⊥ and Λ ∥ are, respectively, 3.33 µm and 2.29 µm.The measured wavenumbers k ⊥ and k ∥ are, respectively, 2.744 µm -1 and 1.887 µm -1 .

Figure 5

 5 Figure 5.6.: The dependency of the growth rate of Al structures from a stack of 15 nm of Al capped by a 80 nm-thick ZnO layer. The fastest growth wavenumber is 2.385 µm -1 . The measured wavenumbers (experiments) k ⊥ and k ∥ are, respectively, 2.744 µm -1 and 1.887 µm -1 .

Figure 5

 5 Figure 5.7.: The dependency of the growth rate of Al structures from a stack of 15 nm of Al capped by a 80 nm-thick ZnO layer considering three compressive stress to relax: σ y , σ mean and σ x , with |σ y | < |σ mean | < |σ x |. The fastest growth wavenumber is, respectively, 2.283 µm -1 , 2.385 µm -1 and 2.482 µm -1 .

Figure 5

 5 Figure 5.8.: The dependency of the growth rate of Al structures from a stack of 15 nmof Al capped by a 80 nm-thick ZnO layer considering three Young's modulus: E ZnO min , E ZnO mean and E ZnO max . The fastest growth wavenumber is, respectively, 2.491 µm -1 , 2.385 µm -1 and 2.291 µm -1 . In period, Λ max-min is 2.523 µm, Λ max-mean is 2.635 µm and Λ max-max is 2.742 µm.

Figure 5

 5 Figure 5.9.: The dependency of the growth rate of Al structures from a stack of 15 nm of Al capped by a 80 nm-thick ZnO layer considering three values of viscosity of the aluminum layer: 0.7, 1.2 and 1.7 mPa.s. The fastest growth wavenumber is, 2.385 µm -1 for all the values of viscosity tested. In period the value is 2.635 µm.

Figure 5 .

 5 Figure 5.10.: The dependency of the growth rate on wavenumber for stacks of aluminum capped by a 80 nm-thick ZnO layer. In the upper figure the aluminum thickness considered are those providing organized islands patterns, while in the lower figure are those providing a zigzag pattern.

Figure 5 .

 5 Figure 5.13.: Scheme of the generic multilayer system considered for analyzing the thermal stress generated. Image (a) is the the system before considering the thermal effect and image (b) is the curvature created during thermal treatment (Hsueh 2002).

Figure 5 .

 5 Figure 5.14.: Scheme of each system considered for analyzing the thermal stress generated.

Figure 5 .

 5 Figure 5.15.: The dependency of thermal stress of ZnO on aluminum thickness for different systems. This thermal stress builds up in the ZnO layer during heating due to the mismatch of the CTE of each material present in each system.

Figure 5 .

 5 Figure 5.16.: The dependency of different stresses of ZnO on aluminum thickness.This thermal stress builds up in the ZnO layer during heating due to the mismatch of the CTE of ZnO and Al considering a released bilayer system.

Figure 5 .

 5 Figure 5.18.: The dependency of k max on the aluminum thickness of aluminum stacks capped by a 80 nm-thick ZnO layer considering the released bilayer structure.

Figure 5 .

 5 Figure 5.19.: The dependency of s 1 (k max ), s 1 (k ⊥ ) and s 1 (k ∥ ) on the aluminum thickness of aluminum stacks capped by a 80 nm-thick ZnO layer considering the thermal released bilayer behavior.

Figure 5 .

 5 Figure 5.20.: The period dependency on the aluminum thickness of aluminum stacks capped by a 80 nm-thick ZnO layer considering the released bilayer structure.

  Trice, R. Kalyanaraman, et al. 2007) and on the different characteristic time scales of these mechanics for different metals (C. Favazza, H. Krishna, R. Sureshkumar, et al. 2007), and could serve as inspiration for similar work on the mechanisms in our case.
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 52 Figure 5.2.: Structures obtained using AlSi stacks of different dopping and thickness. The stack is shown for each column. In the first row microscope images (a,b,c), in the second row SEM images(d,e,f) and, finally, in the third row EDX images (g,h) and another SEM image (i).
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  Une étude spécifique sur la structuration par laser d'autres couches métalliques encapsulées serait pertinente. En effet, la variété des motifs obtenus pour Al et Ag n'était par exemple pas présente dans le cas d'autres métaux que nous avons commencé à explorer. Les résultats obtenus pour le Cu par exemple sont beaucoup plus proches de ce que l'on pourrait attendre avec un mécanisme de démouillage. Une étude appropriée pourrait donc être réalisée pour expliquer pourquoi certains métaux forment des motifs organisés alors que d'autres non. Ensuite, en cas de mécanismes de structuration concurrents, comme le démouillage et le plissage, lequel des deux est dominant ? Des discussions similaires ont déjà été menées entre les mécanismes d'interférences et les mécanismes de démouillage d'une part (C. FAVAZZA, J. TRICE, R. KALYANARAMAN et al. 2007) et sur les différentes échelles de temps caractéristiques de ces mécaniques pour différents métaux (C. FAVAZZA, H. KRISHNA, R. SURESHKUMAR et al. 2007) d'autre part, et pourraient servir d'inspiration pour des travaux similaires sur les mécanismes dans notre cas.
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Table 1 .

 1 To summarize, 1. State of the art -1.2. Dewetting 1.: Table presenting the dewetting in each state with their temperature range and principal mechanisms of reducing the surface energy of the system.

	Dewetting	Solid state	Liquid state
	Temperature range	0.2T m < T < T m	T m < T
		• Holes nucleation and	• Holes nucleation and
	Mechanisms	growth	growth
		• Edge retraction	• Liquid state instabilities

Table 1 .

 1 1. State of the art -1.4. Dewetting and wrinkling in metallic encapsulated layers

	Phenomena

2.: Table

presenting

the different mechanisms of patterning studied: the dewetting in solid and liquid states and the wrinkling. T is the temperature of the encapsulated layer, T m its melting temperature and h its thickness.

1. State of the art -1.4. Dewetting and wrinkling in metallic encapsulated layers

Table 2 .

 2 1.: Table containing the principal VMAG processing parameters for thin layers deposition used in this work. The values marked with * are the conditions of gas flow during pre-sputtering.

	2. Materials and methods -2.2. Description of sample production and
							characterization
	Layer	Ag	Al	AlN	ZnO	TiN	Si 3 N 4	SiO 2
	Target	Ag	Al	Al	ZnO:Al-cer	Ti	Si:Al	Si:Al
	Plasma power (W)	500	3000	5000	1300	2500	2300	2000
	Working pressure (µbar)	8	2	2.5	2	2	1.5	2
	Ar flow (sccm)	150	40	40	40	32	13	24*/24*/24
	O 2 flow (sccm)	0	0	0	0	0	0	38*/30*/4
	N 2 flow (sccm)	0	0	30	0	16	25	0
	Typical speed for							
	a 100 nm layer	0.24	0.489	0.127	0.171	0.088	0.08	0.534
	(nm/min)							

Table 2 .

 2 .2). When using masks or 3D structures, the etch rate may vary due to the existence of a confined area (Vereecke, De Coster,Van Alphen et al. 2018). Etching must be done carefully, as the process can lead to film delamination and loss of patterned layers if adhesion is poor. 2.: Table of the solutions used in wet-etching on different layers. NaOH, NH 3 and H 2 O 2 are commercial aqueous solutions of, respectively, 30%, 33% and 20% in volume. The Neutrax PF©solution is an acidic solution (pH=2.3) of acetic acid provided by Franklab©. *For the silver layer, sometimes the layer delaminates instead of being etched. The etching is therefore higher. -Indicates that the selective etching was not tested. 2. Materials and methods -2.3. Description of laser treatment and in-situ experiments

			Etching speed on	
	Solution	Ag (nm/min)	Al (nm/min)	ZnO (nm/min)
	NaOH (1:10)	-	100	-
	NaOH (1:100)	No etching after 10 minutes	27	1
	NH 3 : H 2 O 2 : H 2 O (1:5:94)	> 25*	-	-
	Neutrax PF©	No etching after 10 minutes	0.2	34

Table 2 .

 2 .30). As it is the case with the Saint-Gobain set-up, the patterns are highly reproducible. Therefore, the set-up developed at Institut Fresnel is representative and able to reproduce treatment conditions similar to those offered by the ACTILAZ™ technology and the laser processing provided by the Saint-Gobain Research Center in Paris.

	Characteristic	At Institut Fresnel	At SGR
	Incident angle (°)	45	7
	FW@1/e 2 (µm)	140 to 250	140
	Line length (mm)	1 to 4	11.5
	Wavelength (nm)	1070 to 1080	970 to 980
	Travel speed (mm/s)	1 to 1000	8 to 500
	Travel speed (m/min)	0.06 to 60	0.5 to 30

3.: Table summarizing the different parameters of the laser set-ups at Institut

Fresnel and Saint-Gobain Ressearch.

Table 2 .

 2 

	Extension ring (in)	Working distance (mm)	Spatial resolution (µm/pixel)	Horizontal FOV (mm)	Vertical FOV (mm)
	No ring	1911	478	306	245
	0.25	610	149	95	76
	0.50	440	107	68	55
	0.75	348	85	54	43
	1.00	825	69	44	35

4.: This table presents the different extension rings available and their effect on the working distance, spatial resolution and field of view.
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Table 3 .

 3 1.: Table presenting the melting temperatures of each metal tested.

		Sn	Al	Ge	Ag	Cu
	Melting point (°C)	231	660	938	961	1085

Table 3 .

 3 metal/dielectric stacks by laser processing -3.2. Metallic layer 2.: Table of structure patterns obtained from tin stacks with different Sn thickness and Si 3 N 4 capping layer thickness.

	Si 3 N 4 capping layer		Sn thickness (nm)	
	thickness (nm)	30	60	100
	15	Small points	Random islands	Random islands
	30	Small points	Random islands	Random islands
	60	Delamination	Delamination	Delamination

Table 3 .

 3 6.: Table of the aluminum thickness range for the different morphologies obtained. *This value was the maximum aluminum thickness tested, but possible thicker aluminum layers could be used.

	Aluminum thickness range
	from	to

Table 3

 3 .7.

	Material	ZnO	Si 3 N 4	SiO 2	AlN Far	AlN Close
	Λ ⊥ (µm)	(6.02 ± 0.07) (6.34 ± 0.02) (6.78 ± 0.06) (8.1 ± 0.3) (8.35 ± 0.02)
	Λ ∥ (µm)	(9.2 ± 0.1) (10.27 ± 0.07) (9.7 ± 0.1)	(14.4 ± 0.4)	-*

.7.: This table summarizes the structure periods of 150 nm Al stack with different dielectric materials capping layers. -* means that there is no period in this direction, since it is a straight line pattern.

Table 3 .

 3 8.: Table summarizing the structuration characteristics of each 80 nm capping layer, AlN and ZnO.

	Close	ZnO

Table 3 .

 3 9.: This table summarizes the structure periods of 150 nm Al stack with different dielectric materials capping layers. -* means that there is no period in this direction, since it is a straight line pattern.

	3. Patterning metal/dielectric stacks by laser processing -3.5. Capping layer
	Material	ZnO	Si 3 N 4	AlN Far	AlN Close
	Λ ⊥ (µm)	5.1	5.9	8.8	9.2
	Λ ∥ (µm)	9	10.6	15	-*

Table 3 .

 3 

10.: This table summarizes the Young's modulus of the different capping layer dielectric materials. The references are [1] Abib, Iost, Montagne, et al. 2017, [2] Zhu, Yue Wang, Wan, et al. 2012, [3] Vila, Cáceres, and Prieto 2003, [4] Šimurka, Čtvrtlík, Tomaštík, et al. 2018, [5] Schneider, Bittner, and Schmid 2014 and [6] Moraes, Riedl, Rachbauer, et al. 2016.

Table 3 .

 3 . 11.: Tablesummarizingthe stress measurements of different monolayers on thin glass. SD is the abbreviation for standard deviation.

	Material	ZnO		Si 3 N 4	AlN Close	AlN Far
	Sputter machine	Vmag	Lina400	Lina400	Vmag	Lina400	Lina400
	Thickness (nm)	54	100	100	140	100	100
	σ x (MPa)	-645	-815	-887	-510	183	-185
	SD σ x (MPa)	23	55	5	50	13	19
	σ y (MPa)	-552	-682	-807	140	490	102
	SD σ y (MPa)	12	58	13	30	32	22
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Table 4 .

 4 4. Thermal dependency of the patterning -4.2. Thermal model considerations 1.: Table with the detailed stack and its respective notation. The values indicated after each material is the thickness of the layer given in nm.

	Stack	Sample notation
	Glass / Si 3 N 4 40 / TiN 30 / Al 10 / ZnO 100	TiN 30 Al 10
	Glass / Si 3 N 4 40 / TiN 30 / Al 30 / ZnO 100	TiN 30 Al 30
	Glass / Si 3 N 4 40 / TiN 30 / Al 150 / ZnO 100	TiN 30 Al 150
	Glass / Si 3 N 4 40 / Al 10 / ZnO 100	Al 10
	Glass / Si 3 N 4 40 / Al 30 / ZnO 100	Al 30
	Glass / Si 3 N 4 40 / Al 150 / ZnO 100	Al 150

Table 4 .

 4 2.: Table with the emissivity and absorption of the thermal measured samples.The emissivity values are an average on the spectral range of the camera (3 µm to 5 µm).

		ε Deposit (%)	ε Structure (%)	A Deposit (%)	A Structure (%)
	TiN 30 Al 10	13.9	16.52	32.94	57.29
	TiN 30 Al 30	6.96	12.51	16.49	41.65
	TiN 30 Al 150	6.11	20.23	14.32	68.16
	Al 10	15.04	33.88	33.31	47.39
	Al 30	5.72	30.23	14.22	54.92
	Al 150	5.99	37.02	13.07	77.82

Table 4 .

 4 Table 4.3. For all the laser processing conditions that produced structures we could obtain the time above the Aluminum melting point at the center of the beam (∆t above T m Al ) from the time dependency curves, and the length above the Aluminum melting point (∆d above T m Al ) from the spatial curves. From the optical microscope images, the type of structure and the length of structured region (∆d image) were obtained. 3.: Table showing the conditions of the laser treatment, the key thermal data and structure present in each surface. ∆t and ∆d above T m Al are respectively the time duration and the length that the surface stays above the Al melting point, obtained from the thermal acquisitions. ∆d image is the length of the structure region measured in the optical microscope images of the surface.

	Duration (ms)	Power (W)	T Max (°C)	Structures	∆t above T m Al (ms)	∆d above T m Al (mm)	∆d image (mm)
	500	50	834	Points	68	1.03	0.04
	200	80	899	Points	40	1.17	0.09
	150	100	1110	Lines	54	1.52	1.01
	150	90	741	Points	11	0.69	0.68
	100	120	956	Points	27	1.38	1.10
	80	140	1077	Lines	31	1.59	1.11
	80	130	825	Points	13	1.03	0.84
	80	120	695	Points	4	0.35	0.12

  5.1. Non-coherent patterning . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.2. Model of our system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .3. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5.2.1. Main equations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.2.2. Input values . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.2.3. 15 nm aluminum film encapsulated by ZnO . . . . . . . . . . . . 5.2.4. Various thickness aluminum films encapsulated by ZnO . . . . . 5.2.5. Refined model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.2.6. Different morphologies . . . . . . . . . . . . . . . . . . . . . . . . 5

  Table of the mechanical properties of the dielectric materials used. CTE refers to the coefficient of thermal expansion.

	The references are [1] Abib,
	Iost, Montagne, et al. 2017, [2] Zhu, Yue Wang, Wan, et al. 2012, [3] N.
	Yamamoto, Makino, and T. Yamamoto 2011, [4] Vila, Cáceres, and Prieto
	2003, [5] Gan, C. Wang, and Chen 2018, [6] Tien and Lin 2012, [7] Schneider,
	Bittner, and Schmid 2014 and [8] Moraes, Riedl, Rachbauer, et al. 2016.

Table 5 .

 5 -5.2. Model of our system 2.: Tablesummarizingthe stress measurements of different monolayers on thin glass. SD is the abbreviation for standard deviation. The AlN Close and AlN Far are defined according to the distance to the transition region of AlN hysteresis, as described in Section section: encapsulation capping layer of Chapter 3.

	Material	ZnO		Si 3 N 4	AlN Close	AlN Far
	Sputter machine	Vmag	Lina400	Lina400	Vmag	Lina400	Lina400
	Thickness (nm)	54	100	100	140	100	100
	σ x (MPa)	-645	-815	-887	-510	183	-185
	SD σ x (MPa)	23	55	5	50	13	19
	σ y (MPa)	-552	-682	-807	140	490	102
	SD σ y (MPa)	12	58	13	30	32	22

Table 2 .

 2 . : Table of the different calibration temperatures ranges and their respectives the neutral-density filters. The temperature ranges are given for an emissvity of 1. If the emissivity of the measurement is changed, these values also change.

	Neutral density filter	Temperature range (°C)
	No neutral density filter	10 °C to 90	°C
	No neutral density filter	35 °C to 150	°C
	No neutral density filter	150 °C to 350	°C
	No neutral density filter	80 °C to 200	°C
	ND 2	250 °C to 600	°C

Table 3 .

 3 : Table of the laser processing conditions. * means that the processing was performed using the laser set-up at Compiègne.
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Table 4 .

 4 : Table of the laser processing conditions. * means that the processing was performed using the laser set-up at Compiègne.

	Figure	Power (W/mm)	Speed (m/min)
	3.36(a)	32.9	19
	3.36(b)	29.1	18
	3.36(c)	29.1	5.5
	3.36(d)	32.9	25
	3.36(e)	32.9	25

Table 5 .

 5 : Table of the laser processing conditions. * means that the processing was performed using the laser set-up at Compiègne.

Materials and methods -2.2. Description of sample production and characterization

Patterning metal/dielectric stacks by laser processing -3.2. Metallic layer system, which was investigated in more details in this work.Under the tested conditions of this subsection, the Al obtained patterns varied not only with the thickness of the capping layer, but also with the thickness of the metallic layer. Defining the material of the metallic layer as aluminum, this next subsection study the effect of its thickness on the structures in more details.

Thermal dependency of the patterning -4.5. Al samples with TiN

Although we could obtain similar patterns, we could not control their morphology and cracks were systematically present, which made the study of these patterns complicated. The encapsulation conditions presented here are still different from the stack proposed by Palacios-Laloy (Palacios-Laloy 2016). However, even by testing different materials and thickness, no patterning without delamination or cracks could be obtained for Ag stacks. This result motivated us to search for other materials that could be patterned under similar conditions and produced laser processing conditions range where only pattern without delamination or cracking could be observed.

Patterning metal/dielectric stacks by laser processing -3.2. Metallic layer

The second metal tested, aluminum, was the one that was more prone to structure. The results are given in Table 3.3. A variety of structures, some presenting spatial organization, were obtained. Examples of these structures are given in the second row of Figure 3.9. In addition, contrary to the other metal structures, the delamination on aluminum stacks was not as present as it was for others metallic stacks. The structures obtained with germanium were also different. The results are summarized in Table 3.4. These structures were more irregular than those obtained using the other metals. Some examples are shown in the third row of Figure 3.9. The islands are randomly distributed and have a large size distribution. The background of images shows some irregularities, like a color iridescence. The source of this irregularity is difficult to pinpoint, but they appear to be present in the plane behind the structures.

Samples with copper were laser-treated and in some cases metallic structures appeared afterwards. The results are summarized in Table 3.5. Examples of the structures are shown in the last row of Figure 3.9. It can be seen that the structures obtained in this case were always random islands, for all Cu thickness. Delamination may appear Apparently, obtaining a clearly-defined, organized patterning does not seem to be directly related to the melting temperature of the different metals. Copper and aluminum could achieve good structures, while germanium could not and silver always delaminated with patterning. Other phenomena seems to play in this patterning than just melting the layer.

In order to investigate this phenomenon, we needed to define a system model. Among the different metals tested, aluminum was the best candidate for laser patterning model. Copper samples could be patterned and delamination occurred in some samples. However, only random islands patterns were obtained. As for aluminum, a variety of laser processing conditions were readily available, and various patterns were also obtained. Therefore, aluminum was chosen as the metal layer of the model The results for TiN that suppress void formation confirmed that patterned samples can be obtained only with deformation of the capping layer (Figure 3.25(g)). This suggests that pore formation and capping layer deformation are two independent mechanisms, the latter being influenced by the underlying material in contact with the Al layer. Furthermore, the formation of voids occurs at a higher processing speed than the characteristic deformation of the top layer of the sample being examined. Examples of structures and damaged surfaces are given in Figure 4.20. The observed structures are small in form of an island, with defects in its middle (Figure 4.20(a)). These structures were observed in the first maximal temperature yielding structures, similar to what was observed in the TiN 30 Al 30 sample. Since there were no other conditions to produce structures without damaging the sample, we analyzed these damaged surfaces looking for different types of structures. These structures were mainly organized as islands and lines, similar to TiN 30 Al 30 (Figure 4.17(c)), but with defects and cracks. The cracks preferentially followed these line structures, as shown in Figure 4.20(c). Finally, the Figure 4.21 confirms that the the maximal temperature depends linearly on the linearized parameter P t d up to the melting point of Al. Since the first structure obtained is above the Al melting point, the patterning in liquid state. For the points with maximal temperature above the Al melting temperature that did not pattern, the same discussion as the one made in the case in TiN 30 Al 30 samples is valid.

All these thermal acquisitions and analysis allowed us to point out to a patterning in liquid state for the samples with TiN in the bottom layer. The next important step is to analyze the case of samples without TiN, which is made in the next section.

Conclusions and perspectives

that these same variations are found with our method of in-situ determination of the temperature threshold of structuring by thermal measurements (Figure 5.1). Initial tests with Al targets doped with 20 wt% and 30 wt% Si have confirmed that the patterning of these layers is indeed possible and gives results very similar to those obtained for Al in terms of patterns (Figure 5.2).

Conclusions and perspectives

example the patterns, and thus observe the impact of various parameters (pattern, period, height of the structures, materials, ...) on the optical properties. Such an approach could be used to explore the optical properties accessible through such structures and at the same time determine potential applications for them (such as polarizers). The first examples with these models developed with COMSOL software are shown in Figure 5.3. These results that significant work remains to be done in order for the model to be representative of the experimentally obtained results. 

ANNEXES A. Annexes of Chapter 2 Typical conditions of beam shape measurement using WinCamD

The typical conditions of measuring the beam profile using the WinCamD are given in the Table 1.

Characteristic Value

Incident angle (°) 45

Optical power (W) 20

Mode Pulsed

Peak duration (µs) 8

Peak period (ms) 1

Optical densities (WinCamD) 1.0 and 4.0

Optical densities (Cylindrical lens) 2.0

WinCamD integration time (ms) 20

Table 1.: Table of the typical conditions of beam shape measurement using WinCamD.

Typical position accuracy of the translation stages used

The typical position accuracy of the Zaber's translation stages used are shown in Figure 1 and 2.